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ABSTRACT
This thesis examines some aspects of improving the power-added efficiency (PAE) 
and the third order inter-modulation distortion (IMD) performance of microwave 
GaAs HBT power amplifiers. The research encompasses analysis, computer-aided 
design and simulation and also includes investigation of the measured performance of 
some HBT power amplifiers. This then allows conclusions to be drawn as to the 
merits of the proposed techniques applied to GaAs HBT microwave power amplifier 
compared to the known published methods.
High efficiency, Class C operation of microwave HBT power amplifier is described 
for the first time. A record PAE of 84% has been demonstrated for a 0.75-Watt HBT 
power amplifier operating at 6 GHz. Simulated and measured performance are 
presented and compared with the conventional high efficiency Class AB mode 
operation of HBT power amplifier.
The third order IMD performance of a microwave HBT power amplifier is improved 
significantly by using the second harmonic injection technique. This is the first 
demonstration of this technique applied to a HBT microwave power amplifier. 
Mathematical analysis, CAD simulations and practical measurements have been 
carried out to show the feasibility of this technique. A record 46 dB reduction in the 
third order IMD product has been achieved from a two-stage, 28 dBm HBT Power 
amplifier operating over the 824-849 MHz frequency band. The technique has also 
been successfully applied with EM, AM, and digitally modulated RF input signals.
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Chapter 1
Introduction
The power amplifier is a key component in communication systems and usually the 
most power hungry device in the transmitter chain. Today's most rapidly growing 
wireless communication markets are driving an increasing demand for high 
efficiency, high linearity power amplifiers. Each application, however, has distinct 
specifications on linearity and unique power level requirements and thus, differing 
values of acceptable efficiency. High efficiency of the power amplifier translates to 
better thermal management and longer battery life hence longer talk time. High 
linearity performance in a power amplifier minimizes the level of the amplifier's 
distortion, adjacent channel interference and spurious emissions. These requirements 
have initiated extensive research work related to the performance improvements of 
the RF and microwave power amplifiers.
The research work described in this thesis, investigates means whereby the 
performance of RF and Microwave Gallium Arsenide (GaAs) Heterojunction Bipolar 
Transistor (HBT) Power amplifier can be improved. In particular, this research has 
examined for the first time, the very high efficiency performance of HBT microwave 
power amplifiers operating in Class C bias mode. Also, for the first time, a detailed 
study has been performed to improve the third order inter-modulation distortion 
(IMD) performance of a microwave HBT power amplifier using the second harmonic 
injection technique.
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Section 1.2: Contributions of the Thesis
The contributions of the research work that has been conducted in the context of this
thesis are summarized below:
• Simulated RF performance comparisons of microwave HBT power amplifiers 
biased in Class AB and Class C mode.
• First practical demonstration of the very high (84%) efficiency performance of 
GaAs HBT Power amplifiers operating in Class C mode at 6 GHz.
• First demonstration of the second harmonic injection technique applied to GaAs 
HBT power amplifier designed for the 824 MHz to 849 MHz cellular CDMA 
handset applications.
• Mathematical analysis of the second harmonic injection technique using Bessel 
Functions for the highly non-linear exponential relationship of the collector 
current with the base-emitter voltage of the HBT.
• Derivation of mathematical expressions for the ratio of the fundamental signals to 
their corresponding third order products for both before and after applying the 
technique.
• Derivation of mathematical expressions for the IIP3 (input third order intercept 
point) of the HBT for both before and after applying the technique.
• Derivation of mathematical expression for the amount of reduction of the third 
order IMD products by applying this technique.
• First CAD simulation of the second harmonic injection technique applied to an 
HBT power amplifier using “Libra” software.
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•  First CAD simulations for the CW, FM and AM input signal cases using 
“SystemView” software package.
• First successful practical demonstration of the technique for CW input signals at 
low output power levels as well as at full output power of 28 dBm where strong 
non-linearities of power amplifier are present.
• First successful demonstration for FM and AM modulated input signals.
• First successful demonstration of this technique applied to digitally modulated 
OQPSK input signal for CDMA Technology based handset applications.
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Section 1.3: Thesis Outline
The thesis is divided into 10 chapters. Chapter 1 introduces the thesis work and 
Chapter 10 draws conclusions and provides suggestions for further work. Chapters 2, 
3 and 6 are review chapters to help the reader with the basic understanding of GaAs 
HBT device, different classes of power amplifiers, power amplifier’s performance 
parameters and various existing techniques used to improve the third order inter­
modulation distortion performance of power amplifiers. Chapters 4,5,7,8 and 9 are 
concerned with the research carried out by the author and represent new material. 
The chapters are organized as follows:
Chapter 2 is intended to introduce the reader to the Gallium Arsenide (GaAs) 
Heterojunction Bipolar Transistor (HBT). The physical operation of the HBT is 
discussed and the HBT fabrication process is outlined. Salient features of the DC and 
RF characteristics are given. The advantages and disadvantages of GaAs HBTs 
compared to other semiconductor technologies are discussed. Features and design 
tradeoffs of HBTs for Microwave Power applications are also discussed.
Chapter 3 is an overview of the performance parameters of Microwave Power 
Amplifiers and briefly describes the different classes of power amplifiers. Traditional 
classes (Class A, B, C) of power amplifiers as well as the "switching" power amplifier 
classes (Class E, F, D and S), where the power amplifier acts as an RF switch, are 
discussed. The goal of this chapter is to introduce the reader to the concepts of 
different power amplifiers and provide advantages and disadvantages of the different
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designs. An extensive reference list is included for the benefit of the readers to learn 
more in depth about the various power amplifier concepts.
Chapter 4 deals with the Class C operation of GaAs HBT Power amplifiers for high 
efficiency performance at microwave frequency. Following an explanation of the 
limitations of GaAs MESFET (Metal Semiconductor Field Effect Transistor) and 
PHEMT (Pseudomorphic High Electron Mobility Transistor) based microwave power 
amplifiers for the Class C mode operation; the advantages of using HBT power 
amplifiers are discussed. For the first time, a computer aided design simulation of a 
microwave power amplifier operating in the Class C mode at 6 GHz frequency has 
been carried out using the large signal device model of the GaAs HBT. Simulation 
results of the Class C HBT power amplifier has been compared with the simulated 
results of the same HBT power amplifier operating in the Class AB mode.
Chapter 5 describes the measurement techniques used to validate the high efficiency 
Class C operation of HBT power amplifier. Measured performance of two practical 
GaAs HBT power amplifiers, 0.75-Watt and 0.25-Watt, operating in Class C bias 
mode over the 6-9 GHz frequency band are presented for the first time. Output 
power, power gain, power added efficiency, optimum impedance and harmonic 
content performance are compared with the traditional Class AB biased microwave 
HBT power amplifier.
Improvement techniques for the third order IMD performance of power amplifiers 
have been an active field of research for many years. Chapter 6 provides an overview
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of the various classical linearization schemes for IMD performance improvements of 
power amplifiers.
Chapter 7 presents the mathematical analysis of the second harmonic injection 
technique applied to an HBT power amplifier to improve the third order IMD 
performance. For the first time this analysis has been done using an HBT. 
Expressions are derived for the conditions of reduction of the third order IMD 
products and also for the amount of reduction after applying the second harmonic 
injection technique.
Chapter 8 describes the computer aided design (CAD) simulation of the second 
harmonic injection technique to improve the third order IMD performance of 
microwave power amplifiers. Using commercially available CAD software packages, 
the feasibility of the second harmonic injection technique has been demonstrated for 
the first time for an HBT power amplifier using CW (continuous wave) input signals. 
Simulated performance for a generic power amplifier is also provided for CW, FM 
(frequency modulated), AM (amplitude modulated) modulated input RF signal using 
a system level CAD software package.
Chapter 9 describes the measurement techniques used to experimentally demonstrate 
the feasibility of the second harmonic injection technique applied to an HBT power 
amplifier. The measurement results in this chapter provide a good test of the theory 
and simulation developed earlier. Measured performance of this technique for the 
HBT power amplifier is shown for various RF input signals: CW, FM, AM and 
digitally modulated OQPSK (offset quadrature phase shift key) signals.
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The final chapter draws conclusions from the results presented in the preceding 
chapters and provides suggestions for future work.
Finally, as an aid to possible further work, sample listings of "Libra" and 
"SystemView" computer software design files, used to generate some of the results 
documented in this thesis, are provided in 4 appendices. Appendix A describes the 
"Libra" circuit file used to simulate the performance of an HBT power amplifier using 
the second harmonic injection technique as described in Chapter 5. Appendix B lists 
the large signal GaAs HBT model using the Gummel-Poon parameters. Appendices 
C, D and E list the CW, FM and AM system parameters respectively used in the 
"SystemView" software simulation using a non-linear amplifier as shown in the 
results described in Chapter 8.
The work described in this thesis has led to four publications: one in the IEEE 
International Microwave Symposium, one in the European Microwave Conference, a 
publication in the IEEE International RFTC Symposium and one in the IEEE 
Transactions on Microwave Theory and Techniques. Copies of these publications are 
appended in Appendix F. Also, a list of publications by the author, pertinent to this 
research work is included in Appendix G.
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Gallium Arsenide Heterojunction Bipolar Transistor:
A Brief Overview
Section 2.1: Introduction
The concept of heterojunction bipolar transistor (HBT) is as old as the transistor itself 
and was introduced by William Shockley in 1948 (US patent: 2,569347) [1]. HBTs 
employ semiconductors with varying bandgaps in different regions of the device. The 
availability of multiple bandgap materials provides additional degrees of freedom for 
performance optimization of the bipolar transistor. The potential advantages of such a 
design have long been recognized [2,3]. Kroemer [2] realized that the use of a wide- 
band-gap Aluminum Gallium Arsenide (AlGaAs) emitter and low-band-gap GaAs 
base would provide band offsets at the hetero-interface that would favor injection of 
electrons, in an n-p-n transistor, into the base while retarding hole injection into the 
emitter. These advantages would be maintained, even when the base is heavily 
doped, as is required for low base resistance, and the emitter is lightly doped. Thus, 
in an HBT, high emitter injection efficiency would be maintained while parasitic 
resistances and capacitances would be lower than for a conventional homojunction 
bipolar transistor.
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However, until the mid-seventies no viable technology existed for the realization of 
practical HBTs. First, it was the molecular beam epitaxy (MBE) [4], and second, the 
MOCVD (metal organic chemical vapor deposition) [5] material growth techniques, 
for AlGaAs/GaAs heterostructures, that led to the actual fabrication of HBTs [6-8].
This chapter introduces the reader to the Gallium Arsenide Heterojunction Bipolar 
Transistor, in particular, the AlGaAs/GaAs HBT. It briefly describes the transistor 
operation, device fabrication, DC and RF characteristics and circuit models. 
Comparisons of GaAs HBT technology with Silicon Bipolar Transistor and GaAs 
MESFET and HEMT technologies are provided. Also presented are the features and 
typical microwave performance of GaAs HBT in the design of RF and microwave 
power amplifiers.
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Section 2.2: GaAs HBT- Device Description
This section briefly describes the epitaxial layer structures and the energy band 
diagram of the AlGaAs/GaAs HBT. It also includes a summary of performance 
parameters and tradeoffs that must be considered in designing GaAs HBT.
The epitaxial layer structure of the HBT is grown either by MOCVD or MBE on a 
semi-insulating (S.I.) GaAs substrate. The layer structure includes an InGaAs cap 
layer, an AlGaAs emitter layer, a GaAs base layer, a GaAs collector layer and a GaAs 
sub-collector layer. A schematic cross section of the basic n-p-n heterojunction 
bipolar transistor in a plane at right angles to the long dimension of an emitter finger 
is shown in Figure 2.2-1. An MOCVD grown doping profile is shown in 
Figure 2.2-2 [9].
The n-type emitter is formed in the wide-bandgap material AlGaAs while the p-type 
base is formed in the lower bandgap material, GaAs. The n-type collector, in this 
basic device, is also formed in GaAs. To facilitate the formation of ohmic contacts, a 
heavily doped n+ GaAs layer is present between the emitter contact and the AlGaAs 
layer. The base region is doped with carbon to a density of 4 x 1019 cm'3. An 
AlGaAs ledge is provided at the exposed base-emitter junction to suppress any 
surface leakage current [10].
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Ledge
r   BaseEmitter
Layers 8.9.10 I
_  Layer: 7_______
~ i Lavers 4.5 .6 1—
Laver 3_______
Laver 2_______
Layer 1________
Collector-
S.l. Substrate
Isolation Implant
Figure 2.2-1: The MOCVD grown doping profile of the AlGaAs/GaAs HBT [9].
Layer
Number Layer Name
Al or In 
Mole Fraction Type Dopant
Concentration
(cm'3)
Thickness
(micron)
Semi-insulating GaAs
1 Sub Collector 0 n+ Si > 5X1018 0.6 |
2 Collector 0 n+ Si 8X1016 0.3
3 Collector 0 n+ Si 3X1016 0.4 !
4 Base 0 P+ C 4X1019 0.1
5 Emitter grading 0 -0.28 n Si 5X1017 0.03
6 Emitter grading 0.28 n Si 5X1017 0.1
7 Cap Grading 0.28 - 0 n + Si 1X1018 0.03
8 Cap 0 n+ [ Si > 5X1018 0.13
Figure 2.2-2: The MOCVD grown doping profile of the AlGaAs/GaAs HBT [9].
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Device parameters such as epitaxial layer thickness and doping levels, contact sizes 
and layout etc. must be optimized for the particular frequency and application at hand. 
Table-2.2.1 lists some of the performance parameters and trade offs that must be 
considered in designing the HBT [11].
Table 2.2.1: HBT Design Tradeoffs [11]
Parameter Notation Design Considerations
Emitter contact width We • Emitter utilization factor decreases with 
an increase in We, frequency and current 
density.
• Device fabrication is easier with larger 
We.
Emitter ledge width W1 • Slow improvement in device reliability 
with Wl>0.5pm.
• Increasing W1 increases base resistance 
and Cbc.
Base contact width Wb • Decreasing Wb below 0.75pm increases 
base contact resistance.
• Increasing Wb increases Cbc.
Base layer doping Pb • High Pb reduces base resistance (Rb), 
improves emitter utilization factor and 
increases early voltage.
• Current gain declines with increasing Pb.
• Current gain stability degrades with very 
high Pb.
Base layer thickness Lb • Increasing Lb increases base transit time 
and reduces fr.
• Increasing Lb increases base sheet 
resistance with corresponding improvement 
in Rb and emitter utilization factor.
Collector layer doping Nc • Decreasing Nc increases base-collector 
junction breakdown voltage and Cbc.
• Decreasing Nc reduces the maximum 
current at which the device can be operated 
due to Kirk effect.
Collector layer thickness Lc • Increasing Lc increases collector transit 
time, reduces fx and increases base-collector 
breakdown voltage.
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Table 2.2.1: HBT Design Tradeoffs (Continued) [11]
Param eter Notation Design Considerations
Base-collector
capacitance
Cbc • Cbc is one of the most significant device 
parasitic in common-emitter operation.
• Power gain increases with lower Cbc-
Unity current gain 
frequency *
f r • f r  is determined by the total transit time 
across the device (Tec). It should be at least 
1.5 times the operating frequency.
Maximum frequency of 
oscillation *
fmax • fmax is determined f r  and device parasitics 
Rb and Cbc. It should be at least twice the 
operating frequency.
Thermal resistance Rth • Reducing Rth reduces junction 
temperature, increases device reliability and 
permits device operation at higher current 
density.
1 I U
* f T =   and fm ax = A /  --------
2 u T q c  y  8 7 iC b c R b
Figure 2.2-3 shows the energy band diagram of a single heterojunction N-p-n 
transistor (where N denotes wider band gap than n and p) with forward biased emitter-
base and reverse-biased collector-base junctions. The collector current flow, Ic, from
the emitter to the collector is controlled by a forward-biased emitter-base junction
base current, Ib, composed of reverse hole injection current, Ip, and the recombination
currents, Ir (bulk) and Is (surface depletion region) related to traps and defects; pmax
is the maximum value given by the ratio of the injected electron and hole currents In /
Ip in the absence of recombination currents; Ne/Pb is the emitter-base doping
concentration ratio; vnb/vpe is a ratio of electron and hole velocities and AEg is the
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energy gap difference between the emitter and base materials (please note that in a 
homojunction Silicon BJT, AEg = 0). This band discontinuity between the wide band
gap emitter and low band gap base enhances electron injection from emitter to base 
and reduces hole injection from base to emitter. As a result, useful current gain can 
be obtained from HBTs even when the base doping is much higher than the emitter 
doping. Detailed discussions on the device physics of GaAs HBT can be found in 
references [12,13].
Emitter Base
Fermi
Level
O
Emitter cu rren t le -  I 
Collector cu rren t lc -  [
HBT with Graded Emitter-Base Junction
Figure 2.2-3: Energy Band diagram of a biased N-p-n graded Single Heterojunction 
Bipolar Transistor with electron and hole charge flow components [12].
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Section 2.3: Semiconductor Processing
GaAs HBTs are fabricated on epitaxial active layers grown either by MOCVD or 
MBE. Of these MOCVD is preferred because it permits doping the base heavily with 
Carbon, which leads to more reliable devices than Beryllium, the p-type dopant in 
MBE.
A salient feature of the device cross-section in Figure 2.2-1 is the small gap between 
the emitter and base contacts. This gap must be minimized to keep the base contact 
resistance, a key parasitic, as small as possible. The most convenient method of 
fabricating these contacts close to each other is by "self aligned" processes [12,13] 
which allow the spacing between them to be reduced to approximately 0.1 -  0.2 pm. 
One such technique is shown in Figure 2.3-1. Only a brief description of these steps 
is provided below [14]:
a) Grow the epitaxial layer on a semi-insulating (S.I.) GaAs substrate.
b) Mask device areas (including epitaxial resistors) and render the exposed 
surface semi-insulating by oxygen and helium ion-implantation.
c) Define the emitter contact metal stripe by liftoff. AuGe/Ni/Au and 
TiW/Au contact metals are used for n+ GaAs and n+ InGaAs emitter 
contact layers respectively.
d) Open the base contact area, etch down to the base layer, metallize 
(Ti/Pt/Au) and perform liftoff. Titanium forms a low resistance tunneling 
contact to the base layer since the base doping is high (4 x 1019 cm'3).
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During the etch process the emitter contact masks the area underneath. 
The gap between the base and emitter contacts is determined by the 
amount of undercut during the etching process, typically 0.2 pm. Prior to 
base metallization, a light, shallow isolation implant can be performed to 
eliminate the mobile charge in the collector region below the base contact. 
This reduces the base-collector parasitic capacitance and increases gain 
[12,13].
e) Open the collector contact areas, wet etch down to the n+ collector layer, 
metallize and perform liftoff. Typical metallization is AuGe/Ni/Au.
f) Alloy both emitter and collector contacts.
g) Deposit silicon nitride dielectric on the wafer by PECVD (Plasma 
Enhanced Chemical Vapor Deposition) and pattern the film to provide 
"passivation" (protective coating) for the active device area.
h) Form circuit interconnection metallization layer.
The baseline process described above employs direct-step-on-wafer (DSW) 
lithography for all front side photolithography steps and wet etching to etch down to 
the base and collector layers. In fabricating HBTs for monolithic microwave 
integrated circuits (MMICs), additional steps for MIM (Metal Insulator Metal) 
capacitor, thin film resistor and metal interconnect formations are required. Figure 
2.3-2 shows a flow chart of the HBT MMIC fabrication process including these 
additional steps.
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S.I. Substrate
Isolation implant
S.I. Substrate
Emitter
S.I. Substrate
S.I. Substrate
S.I. Substrate
CollectoF Base
Figure 2.3-1: A schematic outline of the process steps for fabricating the GaAs 
HBT [14].
PassivatioiAirbridge^
S.I. Substrate
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Epi Growth and Eval. 
(MOCVD)
Isolation lithography anc 
implantation (0 , He)
Emitter lithography, 
metalization, liftoff
Parametric Test-
Collector lithography, 
metalization, liftoff, ohmic 
alloy
MM capacitor b ase  plate 
lithography, m etalization a 
liftoff
B ase lithography, 
m etalization, liftoff
Silicon Nitride dep., patter 
resist, RIE etch
Thin film resisto r lithograp 
m etalization, liftoff
2Z- Overlay lithography, 
metalization, liftoff
Final Param etric TestFunctional Test
Via lithography, RIE etch 
backside metalization 
(plating)
Thinning (lap & polish) Air-bridge fabrication (two m ask levels)
Figure 2.3-2: A block diagram of the HBT MMIC process flow including the basic 
HBT fabrication process steps [14].
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Section 2.4: DC and RF Characteristics and Circuit Models
This section describes the DC and RF characteristics of a representative GaAs HBT. 
DC characteristics include I-V curves, base-emitter turn-on voltage, transconductance, 
collector-emitter offset voltage, output conductance, and breakdown voltages. 
Typical S-parameters of an AlGaAs/GaAs HBT are shown. Device equivalent circuit 
models are briefly presented.
Section 2.4.1: HBT I-V Characteristics
Representative DC Collector current versus Collector-Emitter Voltage characteristics 
of a microwave AlGaAs/GaAs HBT is shown in Figure 2.4.1-1. The vertical scale 
(5 mA/division) is the collector current, lc and the horizontal scale (1 V/division) 
represents the collector to emitter voltage, Vce- For low collector currents, where 
power dissipation in the device is small, the output conductance is very small, i.e. Ic 
versus Vce characteristic is 'flat'. This is a reflection of the high base doping and 
consequent negligible base width modulation with increasing collector voltage. 
Under pulsed conditions, the I-V curves are perfectly flat, and under non-pulsed 
conditions the only slope the I-V curves have is a negative slope. At progressively 
higher collector current levels the I-V curves have greater negative slope. This is a 
direct result of self- heating and the negative temperature coefficient of Beta.
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Vbe also tracks directly with self-heating and can be used to estimate the thermal 
impedance of the device as described in [15].
The onset of current gain collapse [16], where one of the emitter fingers begins to 
carry the total device current and (3 drops precipitously, is indicated by the sharp kink 
in the I-V characteristics. For the HBT device with emitter ballast resistor in Figure 
2.4.1-1, current gain collapse occurs when internal power dissipation exceeds ~ 275 
mW. Without ballast resistors in the emitter fingers, current collapse would begin to 
occur at only -1 9 5  mW dissipation.
Figure 2.4.1-1: DC I-V Characteristics of an AlGaAs/GaAs Power HBT [17].
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Section 2.4.2: Device Turn-on Threshold and Matching
The HBT turn-on voltage Vbe is determined by a combination of material and device 
design parameters, and is approximated by the expression [12]:
VBE = EgB/q +(kT/q) In (NAWBlc/qDnNcNvA) + RIc (2.4.2-1)
Where EgB is the energy gap of the base, NA is the base doping concentration, Wb is 
the base thickness, lc is the corresponding collector current, Dn is the minority-carrier
diffusion co-efficient, Nc and Ny are the respective density of states for the 
conduction and valence bands, A is the emitter-base junction area, and R is the 
parasitic resistance, dominated by the emitter contact resistance. At low currents, Vbe 
is controlled by the energy band gap of the base and emitter area, and, at high 
currents, the emitter contact resistance essentially dominates V be. hi general, the
value of Vbe required to achieve a given lc is expected to be highly uniform and 
reproducible (average Vbe =1.40 V at lc = 1 mA), as compared to GaAs FET 
thresholds, which are primarily determined by processing (active channel recessing 
and implant profile). The typical Vbe matching across a 4 inch GaAs HBT wafer is 
less than 4mV. Device matching is important for dc-coupled differential pair types of 
circuit designs, which include most high-speed analog and A/D conversion circuits. 
In particular Vbe mismatch will result in distortion and reduced gain in differential 
amplifiers and degraded signal-to-noise ratio in A/D converters.
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Section 2.4.3: Collector-Emitter Voltage Offset ( V c e  sato)
The collector-emitter voltage offset ~ 250 mV (Figure 2.4.1-1) results from a 
combination of the different turn-on voltages for the base-emitter heterojunction and 
collector-base homojunction, different junction areas, excess recombination currents 
in the collector space-charge region (SCR), and resistive voltage drops between the 
external base contact and intrinsic device. This offset voltage can be reduced to zero 
by implementing modified growth structures and device designs but for most 
applications the present value is sufficient.
Section 2.4.4: Transconductance (gm)
The transconductance gm is important in achieving small input-voltage-swing circuit 
operation, low (common collector) output impedance for fast charging of load 
capacitance, and high voltage gain. For the bipolar transistor, gm is given by the 
expression [12]:
l /g m =  dVsE/dlc =  1/gmo + Re + Rb/P, gmo = qlc/kT (2.4.4-1)
where gmo is the intrinsic transconductance. The associated parasitic terms are the 
emitter resistance Re = 5-10 Q and Re/p = 2 Q with Re becoming important at the 
higher current densities. The 3 x 1 0  pm2 single emitter HBT can be driven as high as
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lc = 40 mA, or current density, Jc > 1 x 105 A/cm2 without suffering from high 
injection in the base and Kirk (“base push-out”) effects, leading to gmas high as 50 K- 
mS/mm (emitter length). For GaAs HBTs, high-current gm operation is enhanced by 
the high base doping and high electron velocity, which minimize high injection and 
Kirk effects to which Si bipolar transistors are more susceptible. However, issues of 
metal migration, emitter ohmic contact, and HBT reliability will limit the benefits of 
operating at high gm [12].
Section 2.4.5: Output Conductance and Early Voltage
The output conductance is defined as the ratio of the change in collector current, lc 
with respect to collector-emitter voltage, V ce  . High voltage gain and device linearity 
result from low output conductance, g 0 given by [12]
g 0= die/dVcE = lc / Va (2.4.5-1)
where VaIs the Early voltage, given by the expression:
VA = Ic/(dIc/dVCE) = -WB(dVCE/dWB) (2.4.5-2)
The above equations (2.4.5-1) and (2.4.5-2) describe the dependence of g0 on base 
width (WB) modulation by V ce. The intercept point of the extrapolated lc - V ce  slope 
with the negative Vce axis (constant VBE) gives a very large value (~ 800 V) for the 
Early voltage, V a. The high V a, about 10 to 20 times higher than for Si bipolar
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transistors, results from the GaAs HBTs high base doping, which minimizes base 
width modulation effects.
Section 2.4.6: Breakdown Voltages
The basic breakdown voltage characteristics involving the collector-base junction, 
emitter-base junction, and collector-emitter structure govern the HBT operating limits 
such as linearity and output power, and these characteristics are traded for speed. For 
the baseline HBT, the breakdown voltages are as follows [ 12,18]:
a) Collector-Base Junction Breakdown (Emitter Open), BVcbo*
High B V cb o  is desired for high device linearity and high-power applications. 
The HBT B V cb o  of 14-16 V is governed by the collector doping and width 
because the base is highly doped. Thicker and lower doped collector layers 
increase the breakdown voltage (avalanche process) at the cost of increased 
effective transit times.
b ) Emitter-Base Junction Breakdown (Collector open), B V ebo:
It is required of only a few applications, such as in the input comparators of a 
wide-voltage-range “flash” A/D converter. B V eb o  *  3 -4  V is governed by the 
emitter doping. The breakdown mechanism is a combination of avalanche and 
Zener tunneling processes [12,18].
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c) Collector-Emitter Breakdown, BVceo*
This voltage is governed by collector-base breakdown coupled with a 
feedback multiplication factor of the current gain when measured as the base 
is driven by a current source. To drive the base with a voltage source or low 
impedance, typically true in most applications, will result in a breakdown 
voltage of about 12 V.
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Section 2.4.7: Small Signal RF Performance
Figure 2.4.7-1 illustrates the measured S21 and S12 performance of a microwave 
HBT [19]. The X-axis represents the frequency of measurement from 1 - 26 GHz 
(Scale: 5 GHz/division) and the Y-axis (- 40 to + 40 dB Scale: 10 dB/division) 
displays the magnitude of S12 and S21 in dB. The S21 performance of this device 
shows 10 dB gain at 16 GHz frequency. S12 is remarkably low (better than 22 dB) 
over the entire range of the 1 - 26 GHz frequency band making the device easier to 
cascade and match. Figure 2.4.7-2 shows corresponding values of S l l  and S22 on a 
Smith Chart Plot.
4 0
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- 4 0
2 6
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Figure 2.4.7-1: Measured S21 and S12 performance of a microwave HBT [19].
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Figure 2.4.7-2: Smith Chart Plot showing the variation with frequency of measured 
S l l  and S22 of a microwave HBT over the 1 - 2 6  GHz frequency 
range.
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Section 2.4.8: Circuit Models for GaAs HBT
Small Signal Equivalent Circuit Models in either "Hybrid-Pi" or "T" configuration 
have been derived using test structures, numerical optimization or measured small- 
signal S-parameters. Interested readers are referred to references [20-24] for more 
detail about model parameter extraction methods.
The "Hybrid-Pi" Model is used rather than the T-Model because the voltage- 
controlled current sources of the former are compatible with the non-linear harmonic 
balance simulation in HP-EESof's "Libra" [25]. This type of compatibility is an issue 
because in Y-Matrix formulation (as used, for example in Libra software) the 
independent variables are the node voltages, the same voltages that control the 
current. The straightforward evolution from the "Hybrid-Pi" small signal model to the 
large-signal model can be seen in Figure 2.4.8-1 where additional current sources 
model the collector avalanche and base-emitter diode characteristics [17]. Again, the 
interested readers are referred to [26,27] on the various types of large signal modeling 
of GaAs HBT.
The large signal model of the GaAs HBT in "Libra" software package has been used 
in the simulation of Class C behaviour (Chapter 4) and the third order IMD 
improvement using the second harmonic injection technique (Chapter 8).
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Figure 2.4.8-1: The Hybrid-Pi circuit model for a power GaAs HBT. Small signal 
model is shown on the top. The large signal model is shown below the 
small signal model. It has Ic replacing the incremental gm; and added lb 
and avalanche current sources [17].
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Section 2.5: Comparison with GaAs MESFET, PHEMT 
and Silicon B JT
On the basis of the bipolar device approach, heterojunction concept, and epitaxial 
growth techniques, the GaAs HBT offers important advantages over GaAs field-effect 
transistors, such as Metal Semiconductor Field Effect Transistors (MESFETs) and 
Pseudomorphic High Electron Mobility Transistor (PHEMTs), as well as advanced 
Silicon Bipolar Junction Transistor (BJTs) [12, 19, 28]. The advantages of GaAs 
HBT over FET based microwave devices and conventional Silicon bipolar transistor 
are highlighted in this section. In particular, Section 2.5.1 describes the comparison 
of GaAs HBT with MESFETs and PHEMTs and Section 2.5.2 compares GaAs HBT 
with Silicon Bipolar Transistor [12, 28].
Section 2.5.1: Comparison with GaAs MESFET and HEMT
a) The GaAs HBT speed is governed by the transit time through thin vertical layers 
(base-collector layer of several thousand angstroms in thickness), easily realized 
by epitaxial growth, resulting in microwave and millimeter-wave frequency 
capabilities (including fT and fmax up to 100 - 200 GHz) with relaxed 1 - 3 pm 
lithographic (optical) dimensions. The MESFET or HEMT speed is controlled by 
a lateral transit time determined by a lithographically defined gate. To achieve 
similar frequencies, the gate dimensions are typically 0.2 - 0.5 pm, requiring 
complex electron-beam lithography.
Page 2 -23
Chapter 2 Gallium Arsenide Hetero junction Bipolar Transistor: A Brief Overview
b) The HBT's higher transconductance, gm (10-100 times greater, depending on the
output current), results from the bipolar transistor's exponential output-current 
versus input voltage variation. This is in contrast to the FET's quadratic or linear 
characteristic, resulting from indirect modulation of charge carriers through an 
intervening depletion layer between the gate and active channel. The HBT's 
exponential I-V characteristics also facilitate efficient non-linear functions, such 
as limiting and logarithmic amplifiers and multipliers and mixers.
c) The lower output conductance, g0 of the HBT (in common-emitter configuration)
results from the highly doped base, which minimizes base width modulation and 
variation of the collector current with the collector-emitter voltage. In an 
analogous FET drain current-voltage behavior, mainly the surface and active 
channel substrate leakage and trapping effects, leading to frequency dependent 
characteristics undesirable for analog applications requiring high accuracy, govern
the g0. The HBT's low g0 yields high device linearity and DC voltage gain,
important in such applications.
d) The HBT's better device matching results from the dependence of the turn-on 
voltage, VBE, on the intrinsic material band gap (which is controlled through the 
epitaxial growth), as compared to the MESFET and HEMT pinchoff voltage, Vp, 
which depends directly on the doping and thickness of the active channel. The 
result is highly matched differential pairs for high accuracy comparators (A/D 
converters), low offset DC coupling (analog amplifiers), and input voltage 
matching for low voltage swings (high speed, low-power ICs).
e) The HBT's reduced trapping effects and lower 1/f noise result from carrier flow, 
primarily through active junctions isolated from surfaces and substrate interfaces, 
as compared to FETs in which the carriers travel between surface and active
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channel-substrate interfaces, experiencing greater trapping effects. This helps to 
reduce phase noise at the RF output for circuits such as mixers, oscillators and 
frequency dividers.
f) The HBT's higher current per effective transistor area than that of the GaAs 
MESFET and HEMT arises from the vertical structure of the HBT as compared to 
the lateral structure for FETs. The entire emitter area contributes to the current 
rather than a thin channel as in FETs. The result is a higher current (power) 
output, limited only by thermal considerations, whereas the channel Idss limits the 
FETs. In addition, the HBT permits breakdown voltages to be easily tailored for 
optimized power performance (Class B and C amplifiers) via epitaxial growth 
control of the collector doping and thickness.
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Section 2.5.2: Comparison with Advanced Silicon Bipolar Transistor
The GaAs HBT with heterojunction emitter, higher mobility material, and semi-
insulating substrate offers many advantages over Silicon Bipolar Transistor [12, 28]:
a) The HBT's higher gain-bandwidth product with relaxed geometries arises from 
higher mobility and the emitter heterojunction, which permits the optimization of 
the emitter and base doping for reduced parasitics (e.g. smaller value of base 
resistance and reduced base-emitter capacitance). Higher performance analog 
microwave circuits result as well as digital and A/D circuits with simplified 
1 -3  pm optical lithographic processing.
b) The higher Early voltage results from the high base doping permitted by the 
heterojunction, which minimizes the base-width modulation. This results in 
higher linearity and lower harmonic distortion performance.
c) The semi-insulating substrate allows simpler processing providing inherent device 
isolation. It also permits higher circuit speeds through lower parasitic substrate 
capacitance and lower loss matching networks for microwave IC applications.
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Section 2.6: GaAs HBT for power applications
AlGaAs/GaAs HBTs are attractive for power amplifier applications compared to other 
microwave devices for several reasons. The power performance of HBTs is limited 
by thermal rather than electrical constraints. Thermal considerations are as important 
as electrical considerations in the design of GaAs power HBTs. In most 
circumstances, it is the thermal, not electrical, factors that limit the maximum power 
that can be safely extracted from the device. Device layout, emitter length, emitter 
width, number of emitter fingers and the substrate thickness all play a role in 
determining the temperature rise in operation. Some of the thermal considerations 
[14] in the design of power HBTs are given below:
a) Thermal impedance rises with increasing number of emitter fingers because the 
adjacent sub-cells are thermally coupled for practical values of emitter pitch 
(i.e. spacing).
b) Thermal impedance rises with decreasing emitter pitch. It is desirable to 
minimize the emitter pitch to reduce phase mismatch between the various HBT 
sub-cells but junction temperature rise limits the minimum value.
c) Thermal impedance rises with increasing emitter finger length.
d) Thermal impedance decreases with increasing emitter finger width. For example, 
thermal impedance rises by 13.5% in going from a 2 pm emitter and drops by 
7.9% in going to a 3 pm emitter [14].
e) Thermal impedance decreases with decreasing substrate thickness because heat 
generated in the junction can be extracted more efficiently. For example, if the
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substrate thickness is reduced from the nominal 100 pm to 25 pm, thermal 
impedance will drop an additional 11%.
The discussion above indicates some of the tradeoffs involved in the design of power 
HBTs. Electrical and thermal considerations usually impose opposing constraints on 
various device parameters. The final choice is dictated by the specific application at 
hand. Thus, careful thermal design to control the maximum junction temperature is 
key to realizing the full microwave potential of GaAs HBTs for power amplifier 
applications. The salient features of GaAs Power HBT are [11]:
a) High power density operation of the HBT originates from higher current handling 
capability. This provides much smaller device size with higher input impedance 
and higher output power compared to MESFET amplifiers. The output-matching 
network becomes simpler due to the higher output impedance [12].
b) High pulse-up capability of the HBT gives 3 - 4 dB higher output power than the 
CW mode for short (few psec) pulses [29].
c) GaAs HBTs have very well controlled breakdown voltage with collector epitaxial 
design (thickness and doping). Unlike MESFETs and PHEMTs, the breakdown 
voltage is independent of input voltage and is insensitive to device processing 
steps.
d) The transconductance of the HBT increases with current and is typically much 
higher than a MESFET at comparable bias.
e) GaAs HBTs offer high efficiency Class B and Class C operation without 
sacrificing output power performance and needing reduced power supply voltage.
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f) GaAs HBTs exhibit extremely low (< 5 pA) leakage current requiring no extra DC 
switch (unlike MESFET) to turn off the power supply in stand by mode.
g) Single positive supply voltage operation. This performance eliminates one of the 
primary disadvantages of MESFET / PHEMT power amplifiers which require 
additional negative voltage usually obtained by a switching regulator or a charge 
pump.
h) Good combining efficiency due to high uniformity of device parameters across 
large devices. This excellent uniformity stems from the maturity of the materials 
and fabrication technology.
i) High yield (>95% RF yield on 0.5-Watt, X-Band HBTs obtained routinely), low 
cost, optical lithography ( 1 - 5  pm minimum geometry depending on frequency of 
application) process.
The typical performance of output power and power added efficiency at 10 GHz of 
the 0.5-Watt HBT power amplifier described in the Chapter 5 is shown in 
Figure 2.6-1. The device is connected in the common-emitter configuration and 
biased Class AB at V ce = 7 V and Ic = 20 mA. The X-axis (range: 8 - 2 0  dBm; 
scale: 2 dB/division) represents the input power level to the HBT. The left hand 
Y-axis (scale: 2 dBm/di vision) represents the output power in dBm and the right hand 
Y-axis (scale: 10% / division) represents the power-added efficiency in %. Two lines 
representing the 10 dB and 11 dB power gains are plotted on the graph to show the 
1 dB gain compression point. Typical performance of this HBT power amplifier at 
10 GHz is Po = 27 dBm, PAE > 60% and power gain > 10 dB. The results shown in 
Figure 2.6-1 are for CW operation where the output power is deliberately constrained
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to ~ 27 dBm to maintain a safe junction temperature. The device is actually capable 
of providing >3 dB higher output power under pulsed conditions (Figure 2.6-2). The 
pulse width and duty cycle must be small enough to restrain the steady state junction 
temperature to an acceptable value, typically 150°C.
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Figure 2.6-1: Measured output power and power added efficiency for CW operation
at 10 GHz for a 0.5-Watt HBT power amplifier.
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Figure 2.6-2: Measured output power for CW and pulsed operation for the same
device. Under pulsed operation, the maximum output power can be 
increased by more than 3 dB without exceeding a safe junction 
temperature.
GaAs HBTs have demonstrated marked improvements in microwave power amplifier 
performance in terms of output power, power-added efficiency and frequency 
bandwidth during recent years [30-36]. HBT power amplifiers exhibiting PAE in 
excess of 38% over 6 - 1 8  GHz band [37], 45% over 8 - 1 4  GHz band [38], 58% over 
5 - 1 0  GHz band [39], and output power over 12 Watts in the X-Band [40] have been 
reported. During the last five years, GaAs HBT power amplifiers have transitioned 
from R&D laboratories into high volume production and emerged as the power device 
of choice for mobile communication market.
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Section 2.7: Conclusions
This chapter has provided a brief overview of the device description, fabrication, DC 
and RF characteristics of the GaAs HBT. Significant features of GaAs HBT have 
been compared with GaAs MESFET and advanced Silicon Bipolar transistors. The 
advantages of using GaAs HBT power amplifiers for RF and microwave system 
applications have also been discussed. GaAs HBT has emerged as the device of 
choice for microwave power amplifiers based on the marked improvements in terms 
of power-added efficiency, frequency bandwidth and output power performance.
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Chapter 3
Performance Parameters and Design Classes of 
Power Amplifiers -  A Brief Overview
Section 3.1: Introduction
Power amplifiers are classified according to their mode of operation. The bias 
condition of the power transistor and the nature of the output matching circuit of the 
power amplifier determine the class of operation. The original classification of 
operating modes included Class A, B, AB and C amplifiers. Additional classes (D, S, 
E, F) of power amplifiers exist, most of them using the power transistor as a switch. 
These classes of power amplifiers are known as "Switching Amplifiers". This chapter 
introduces the reader to power amplifier's performance parameters, provides a brief 
summary of the basic operation of different classes of power amplifiers, and 
highlights the salient features [1-18].
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Section 3.2: Performance Parameters -  Efficiency, HMD, and ACPR
Power amplifier circuits generally utilize the common-source (emitter) transistor 
configuration to ensure the highest efficiency. In common-gate (base) circuits, the 
output current also flows through the input network introducing a substantial loss, 
and in common-drain (collector) configuration, a bias current in addition to the load 
current is required, lowering the efficiency by approximately a factor of 2. In 
addition to efficiency, the performance of a microwave power amplifier is typically 
characterized by output power, power gain at maximum output power, 
intermodulation distortion (IMD), harmonic levels, and spurious levels. This section 
will revisit the basic definitions of efficiency, IMD and ACPR (Adjacent Channel 
Power Ratio) as it applies to microwave power amplifiers for the benefit of the reader.
a) Efficiency:
The efficiency of a power amplifier is defined by two terms:
i) Drain or Collector efficiency (rj)
ii) Power-Added Efficiency (PAE)
The drain (or collector efficiency) is equal to the power delivered to the load (usually 
at the first harmonic) divided by the power drawn from the DC supply,
i.e. t| = Pout/Pdc (3.2.1)
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The power-added efficiency is the difference between the input and output RF power 
divided by the power drawn from the DC supply,
PAE = (Pout -  Pin ) / Pde (3.2.2)
PAE = [Pout (1 " Pin / Pout )] / Pdc
PAE = Pout/Pdc [1-1 /G ]
where power gain, G = Pout / Pin 
i.e. PAE = r| [ 1 — 1/G] (3.2.3)
If the power amplifier has a relatively large power gain, then
PAE = T|
b) Inter-m odulation D istortion (IM D) and  A d jacen t C hannel P ow er R atio  (AC PR)
A  source of distortion in power amplifiers is that caused by inter-modulation 
products [1-10]. When two or more sinusoidal frequencies are applied to a non-linear 
amplifier, the output of the amplifier contains additional frequency components 
called inter-modulation products.
Let’s consider the case where two sinusoidal signals represented by the following 
equation
V(t) = A cos 27ifit + A cos 27tf2t (3.2.4)
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are applied to a non-linear amplifier whose output voltage can be represented by the 
power series,
By substituting equation (3.2.4) into equation (3.2.5), the output voltage, Vo(t), 
becomes
V0(t) = ai [A cos 27rfxt + A cos 27if2t]
+ a2 [A cos 27tfit + A cos 27if2t]2
Expanding equation (3.2.6), the output voltage will contain frequency components at
The frequencies 2fi and 2f2 are the second harmonics, 3fi and 3f2 are the third 
harmonics, fi ± f2 are the second-order inter-modulation products (since the sum of 
the fi and f2 coefficients is 2) and 2fi ± f2 and 2f2 ± f x are the third-order inter­
modulation products (since the sum of the fi and f2 coefficients is 3). The input and 
output spectrum from equations (3.2.4) and (3.2.6) are shown in Figure (3.2-1).
V0(t) = a,V(t) + a2V2(t) + a3V3(t) (3.2.5)
+ a3 [A cos 2jtf]t + A cos 27if2t]3 (3.2.6)
Bandwidth
ft f;
2ft -  f2 2fa -  f, f, + f2 2f, + f.
2f2 +  f,
Input Output
Figure 3.2-1 Input and output power spectrum of a non-linear amplifier for a 
two-tone input signal [11].
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It can be seen from the Figure 3.2-1 that the third-order inter-modulation products at 
2fr f2 and 2f2-fi are very close to the fundamental frequencies fx and f2 and fall within 
the amplifier bandwidth, producing distortion in the output. These third-order inter­
modulation products often cannot be rejected by filters.
The two-tone method, however, is not a realistic test of the behavior of power 
amplifiers in digital systems because it may not accurately predict the adjacent 
channel interference when a randomly modulated signal such as QPSK (Quadrature 
Phase Shift Keying) or, OQPSK (Offset QPSK) or, tt/4-QPSK is applied [5,19]. For 
this reason, the spectral re-growth measurement in response to a digitally modulated 
waveform is often used to assess the linearity of the power amplifiers [5,19]. Digital 
modulation schemes exhibit a trade-off between spectral efficiency and power 
efficiency. As the signal bandwidth is more limited by filtering or pulse shaping -  
the power amplifier must achieve a higher linearity so as to avoid spectral re-growth.
Adjacent Channel Power Ratio (ACPR) is a measure of the spectral re-growth in 
adjacent and alternate channels in digital systems. The ratios of power in the 
adjacent and alternate channels to those in the main transmitted frequency channel 
are defined as ACPR. ACPR measurements are required to ensure that the 
transmitter is not interfering with the adjacent and alternate channel. For example, in 
the digital cellular CDMA technology standard, the power amplifier operating in the 
cellular frequency band of 824 MHz to 849 MHz must meet an ACPR value of -  42 
dBc/30 kHz in a 1.23 MHz bandwidth at ± 885 kHz offset. Figure 3.2-2 illustrates
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the ACPR requirements of the CDMA digital transmitter. The adjacent channel (both 
upper and lower channels) ACPR is the ratio of power in a 30 kHz bandwidth offset 
from the carrier by ± 885 kHz to the power in the main 1.23 MHz CDMA Channel. 
The alternate Channel power ratio is defined similarly except that alternate channel 
power is measured in a 30 KHz bandwidth offset from the carrier by ± 1.98 MHz 
[5,19].
1.2288 MHz
30 KHz
N
I
885 KHz
8 85 KHz
-50
1980 KHz
1980 KHz
-60  -
-70
-0.5 0 20.5 1.55
Freque ncy Offs et Fro m Carrier - MHz
Figure 3.2-2: CDMA power amplifier's linearity defined in terms of adjacent- and 
altemate-channel power ratios (ACPR) in 30 kHz bandwidth offset 
from the carrier by ± 885 kHz and ± 1.98 MHz.
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Section 3.3: Main Classes of Power Amplifiers
The bias condition of the power transistor and the output matching network lead to 
the classification of power amplifiers into three basic modes of operation: Class A, 
Class B and Class C. An attribute of these classical PAs is that both the input and the 
output waveforms are considered sinusoidal. When the output current in the power 
transistor flows for the full period of the input voltage cycle (i.e. conduction 
angle = 360°), the amplifier is operated in the Class A mode. If the output current 
flows for half period of the input voltage cycle (i.e. conduction angle = 180°), the 
amplifier is designated a Class B amplifier, and is biased at cutoff. If the output 
current flows for less than half period of the input voltage cycle (i.e. conduction 
angle = 0°-180°), the amplifier is called a Class C amplifier and is biased below 
cutoff.
100
78.5
AB
C lass  o f  o p e r a t io n
90° 180°
*
Figure 3.3-1 A plot of the theoretical efficiency (rj) as a function of the conduction 
angle (y*2) for the classical Class A, B, AB, and C power 
amplifiers [3].
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The Class A amplifier has the best linearity among these three types, whereas Class C 
amplifier has the best efficiency. In the following sections, brief descriptions of these 
three main classes of power amplifiers are provided. More in-depth discussions on 
these amplifiers can be found in [1-18].
Section 3.3.1: Class A Amplifier
A Class-A amplifier is a linear amplifier. Theoretically, it will produce a sine wave 
output in response to sine wave input. The output frequency will be the same as the 
input frequency, and the output amplitude will be a linear function of the input 
amplitude.
The bias point of the device has a major impact on the device output power and 
efficiency. The current-voltage (I-V) characteristic of the power transistor in 
conjunction with various load lines provides considerable insight on the effect of the 
bias point of the device. Figure 3.3.1-1 illustrates an I-V characteristic of a power 
MESFET. Drain voltage is plotted along the X-axis while the drain current is plotted 
along the Y-axis. For drain voltages below Vs a t ,  the device is in the linear region 
where the drain current is approximately proportional to the drain voltage. For 
voltages greater than Vs at, the device is in the saturated region where the drain 
current of the device is substantially independent of the drain voltage. The saturation
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region is limited on the low side by the Vs a t  and on the high side by the avalanche 
breakdown voltage, Va- Maximum output power will occur when the load line 
allows maximum voltage and current excursions.
'SAT
+0.7
2LU(T
XDO
2
<irQ
SAT
D R A IN  V O L T A G E
Figure 3.3.1-1:Drain Current -Voltage (I-V) Characteristics of a Power MESFET at 
different gate bias voltage settings for Class A and Class B load lines 
[16].
The load line for Class A and Class B operations are also drawn in Figure 3.3.1-1. 
For Class A operation, the FET is biased typically at 50%  of Isa t - For Class B 
operation, the device is biased at or near pinch-off voltage. The FET device in Class
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A mode operates along the lpad line between the points (Vsat> Is at) and (Va, Ia)*
The resulting quiescent bias point, Q Point (Vd , Id ) for this condition is:
Vd = (Va + Vsat)/2 and Id = (Isat + Ia)/2 (3.3.1.1)
The avalanche voltage, Va is not generally well defined and hence it is often desirable
to operate at a fixed bias voltage governed by the device reliability considerations.
The corresponding output power is given by
Pa  =  1/8 (Isa t  - Ia ) (V a  -  V sa t ) (3.3.1.2)
And the input DC power from the operating point is,
Pdc  =  (V a  +  V sa t) ( Isa t  +  Ia ) /  4  (3.3.1.3)
Therefore, the resulting drain efficiency is,
T| = Vi IS A T  -  IA VA -  V SA T  
VA + V SA T
(3.3.1.4)
ISA T  + IA  
For Ia and V sat equal to zero,
rj = 50% (3.3.1.5)
In theory, the maximum efficiency of such an amplifier is 50%, so the transistor in a 
Class A amplifier dissipates at least as much power in the form of heat as it delivers 
to the RF load. The PAE is further reduced from the drain efficiency value by the 
gain of the amplifier. The theoretical efficiency of a Class A amplifier is reduced 
from the classical value of 50% due to a reduced voltage and current swing. The 
voltage swing is reduced by V sa t  and the current swing by Ia - For a GaAs power
MESFET, the V sa t  is  usually in the 1.5 V -  2 V range while V a  varies from 15 to 30 
V depending on the channel geometry and doping level. In general, the impact of
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V sa t  is  to limit the Class A efficiency to approximately 35%. While the saturation
voltage has an effect on efficiency, the dominant mechanism appears to be the 
avalanche current [17]. It has been found experimentally that reducing the drain 
voltage reduces the avalanche current and thereby increase the efficiency [17].
Two undesirable characteristics of the Class A amplifier are its relatively low 
efficiency and its dissipation of a great amount of DC power even when it is not 
excited by RF signal.
The efficiency of Class A amplifiers at lower input RF signal levels is also of interest. 
For the mobile handset operating in the CDMA protocol, the output power varies so 
as to save battery energy and minimize interference with other users. The bias 
current of the amplifier must be reduced at low signal levels to conserve battery 
energy and extend talk time. This is accomplished by reducing the quiescent current 
at lower input power levels [5].
The main premise in Class A amplifiers has been that the output transistor current 
and voltage waveforms are sinusoidal. In reality, the existence of higher harmonics in 
these waveforms can be exploited to improve the performance. If the output 
matching network is designed such that its input impedance is low at the fundamental 
and quite high at the second harmonic, then the drain voltage exhibits sharper edges 
than the sinusoidal does, thus raising the efficiency. This is because sharper 
transistors reduce the time in which the transistor carries a large current while 
sustaining a large voltage [1-5].
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Section 3.3.2: Class B Amplifier
A major disadvantage of the Class A amplifier is that all of the supply power is 
dissipated in the power transistor when there is no RF signal input. The Class B 
amplifier overcomes that problem by supplying no DC power to the transistor in the 
absence of any RF input signal as it is biased at or near pinch-off as shown in the 
drain current-voltage characteristics of Figure 3.3.1-1.
An example of a Class B Bipolar Transistor amplifier is shown in Figure 3.3.2-1 [9]. 
The Q point is at VCc as shown in the figure. The quiescent collector current is zero, 
and the collector-to-emitter quiescent voltage is VCc- It is biased just at the edge of 
the active region so that for sine-wave input the transistor will conduct over 180° of 
the input waveform as illustrated in Figure 3.3.2-2. This figure shows the collector 
current waveform as a function of time. The resultant output current is a highly 
distorted sine wave, but the distortion can be removed by using a narrowband tuned 
circuit for the load, or by operating two class B transistor amplifiers in push-pull 
configuration as commonly used in low frequency audio power amplifiers. The lack 
of high-speed p-type devices in most bipolar and FET technologies prohibit the use of 
the push-pull configuration in the microwave frequency range.
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Figure 3.3.2-1: Quiescent-Point biasing for a Class B Bipolar Amplifier [9].
c
772 T t
Figure 3 3 .2- 2: Collector-current waveform as a function of time for a Class B
amplifier [9].
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Theoretically, the Class B amplifier has a maximum efficiency of 78% [1-18], much 
better than the 50% limit of the Class A amplifier. In addition, the Class B stage 
does not consume any power when an input signal is not present. Another important 
difference between Class B and A is that the maximum voltage drop across the 
transistor in a Class B amplifier is VCc; it is 2 Vcc for the Class A amplifiers [9]. 
Therefore, Class A amplifiers require transistors with a higher collector-to-emitter 
breakdown voltage.
Class B amplifiers have inherently lower gain than Class A amplifiers. True Class B 
operation in microwave power amplifier is rarely used with MESFET devices due to 
transconductance compression near pinch-off and the resultant low device gain [20]. 
This will be discussed further in Chapter 4.
In practice, a compromise between the extremes of either Class B or Class A 
operation is used. This mode of operation is known as Class AB. Class AB 
amplifiers usually have better efficiency than Class A amplifiers and better gain than 
Class B amplifiers.
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Section 3.3.3: Class C Amplifier
If the conduction angle of the output current is less than 180°, the amplifier operation 
is referred to as Class C. This mode of operation can have a greater efficiency than 
Class B, but it creates more distortion than Class A or B amplifiers. The distortion is 
sometimes acceptable or, in the case of frequency multiplication, desirable [9]. Class 
C is often used where there is no variation in signal amplitude and the output circuit 
contains a tuned circuit to filter out all the harmonics of the output current. Figure 
3.3.3-1 illustrates the drain or collector current of a Class C amplifier in which the 
conduction angle (20) is less than 180°.
Figure 3.3.3-1: Collector current waveform of a Class C amplifier as a function of
time[9].
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The efficiency of a Class C amplifier [9] is given by,
r| =
2 0  -  sin 20  
4 (sin 0 -# co s$ )
(3.3.3.1)
and is plotted in Figure3.4.3-2. From this figure, it can be seen that the Class C 
efficiency can approach 100% in theory for conduction angle reaching zero degrees. 
The maximum efficiency of 100% (in an ideal amplifier) is often considered a 
prominent feature of Class C amplifier. However, the actual power delivered to the 
load as given by [5],
Pout a 20  -  sin 20  
1-cos 0
( 3 3 3 .2 )
drops to zero as the conduction angle approaches zero. In other words, a Class C 
amplifier exhibits a high efficiency only when it delivers a fraction of the peak output
power.
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Figure 3.33-2: Efficiency versus Conduction Angle for a Class C PA [9].
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Section 3.4: Switching Power Amplifiers
The main source of power amplifier inefficiency is the power dissipated in the 
transistor. If a power amplifier can be designed in such a manner that the 
collector-to-emitter (or drain-to-source) voltage is zero when the RF current flows, no 
power will be dissipated in the device, and the efficiency will approach 100 percent. 
This is the basic idea behind Class D, E, S and F power amplifiers [1,3]. These are 
non-linear “switching” mode power amplifiers where the power transistors operate as 
switches. These switching power amplifiers will be briefly described in the following 
sub-sections.
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Section 3.4.1: Class D Amplifier
The Class D amplifier utilizes transistors as switches and is also a power converter 
like Class A, B and C. A generic Class D switching amplifier is shown in Figure 
3.4.1-1 [1,3]. A two-way switch arrangement can be implemented by MOSFET 
transistors. For practical transistors, the switches should be modeled by an on- 
resistance, Ron-
BYP
Figure 3.4.1-1: Switching Class D amplifier [1].
The series resonant circuit, LCR, is switched between the DC voltage an ground for 
alternate half cycles. The waveforms at different sections of the circuit are shown in 
Figure 3.4.1-1.
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dcSW
Figure 3.4.1-2: Switching Class D amplifier waveforms [1].
The peak to peak voltage swing is equal to the DC supply voltage and the peak to 
peak RF count is twice the peak current of each individual switching device similar 
to having a push-pull amplifier configuration. The theoretical efficiency of Class D 
amplifiers is 100% [1,3].
Audio amplifiers have been realized in Class D form. Hamamsy [21] reported an 
amplifier performance in the 10 MHz region. No microwave power amplifier
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performance in Class D has been found. It is believed to have high distortion because 
of the switching nature of the amplifier. The switching transistor connected to the 
supply voltage side poses problem at higher frequencies due to parasitic reactance 
and RF drive signal requirements [1].
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Section 3.4.2: Class S Amplifier
Class S is another class of switching amplifiers, invented in 1932 [22]. The principle 
of class S amplification is to pulse-width modulate the information, amplify the 
pulses with a high-efficiency amplifier and then demodulate the amplified signal. A 
block diagram illustrating the principle is shown in Figure 3.4.2-1.
Pulse AmplifierPulse-Width
Modulator
Low-pass Filter
h(t) Vcc
Figure 3.4.2-1: Block Diagram of a Class S amplifier [9].
The input signal is pulse-width modulated, and the high efficient switching pulse 
amplifier increases the constant amplitude pulses. Pulse frequency modulation, 
which varies the rate of constant-width pulses, can also be used.
A simplified class S amplifier is illustrated in Figure 3.4.2-2. A low pass L-C filter is 
present at the output of the transistor amplifier. If the saturation resistance of the 
transistors is neglected, the efficiency will approach 100 percent, however, the non­
zero switch time can also affect its efficiency.
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Figure 3.4.2-2: Simplified circuit for a Class S Amplifier [9]
The significant difference between a class D and a class S switching power amplifier 
is that the output circuit of the class D amplifier is tuned to the fundamental 
frequency of the input signal, while the output circuit of the class S amplifier is a 
low-pass filter that recovers the input signal. It is important that the Class-S 
amplifier's fluctuations be large enough so that they do not become a factor in 
determining the pulse width of the modulated signal. No practical RF or microwave 
amplifiers have been found.
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Section 3.4.3: Class F Amplifier
This class [3,5,23] of switching amplifier utilizes the idea of harmonic termination as 
explained in Section 3 for the Class A amplifier. The load network is designed to 
provide high termination impedance at second or third harmonic frequencies of the 
fundamental signal. This harmonic trap technique lowers the power loss in the power 
device by enabling the voltage waveform across the switching transistor to exhibit 
sharper edges than a sinusoid, thus enhancing efficiency [1].
Figure 3.4.3-1 shows an example of the class F topology using switching transistor 
M l. The LC tank circuit consisting of L and C resonates at either 2fo or 3fo, boosting
the second or third harmonic levels at the point X. The voltage waveform, Vx, across
the switching FET approaches rectangular waveform as shown on the bottom portion 
of Figure 3.4.3-1, which helps to boost the efficiency.
If the drain current of the transistor is assumed to be half-wave rectified sinusoid, it 
can be proved that the peak efficiency of class F amplifiers is equal to 88% for third 
harmonic peaking and 85% for second harmonic peaking [23].
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Figure 3.4.3-1:Class F amplifier stage with a LC tank circuit (LiCi) for harmonic 
termination and the voltage waveform (Vx) across the Class F switch
[5].
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Section 3.4.4: Class E Amplifier
In Class E operation the transistor acts as a switch, as it does in Class D, but only one 
transistor is used. Class E further differs from Class D in that the output tuned circuit 
is designed to realize certain collector-voltage and current waveform characteristics 
that are selected to minimize the power dissipated while the transistor is switching 
from ‘on’ to ‘o ff , or vice versa. For the details of the design of Class E amplifiers, 
the reader is referred to [1,3,24,25,26].
A Class E stage, shown in Figure 3.4.4-1, consists of an output transistor M l, a 
grounded capacitor C l, and a series network C2 and LI. The RFC has high 
impedance at the frequency of operation and C l includes the drain junction 
capacitance of th transistor, M l [5].
RFC
X
C 2 L-j
Figure 3.4.4-1: A Class E Amplifier Stage [5].
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The transistor switching time can occupy an appreciable fraction of the input signal 
period during which substantial power can be dissipated in the transistor, reducing 
the amplifier efficiency. To prevent this problem, the output tuned circuit (values of 
C l, C2, LI, and Rl) is designed so that
-  The rise of the collector voltage, VX is delayed until after the transistor is 
turned off,
-  The collector voltage, VX is reduced to zero when the transistor is turned 
on, and,
-  The slope of the collector voltage is zero at the time of turn-on.
A Class E GaAs MESFET power amplifier IC was reported by Sowlati et. al [26] in 
1995. This non-linear PA outputs 250 mW at 835 MHz with a PAE of 50% and 
operates from a 2.5-Volt supply. Bias voltages are provided externally. The 
integrated output-matching network reduces the efficiency from 75% (for an off-chip 
matching network) to 50%.
Class E amplifier stages exhibit a trade-off between efficiency and output harmonic 
content. For low harmonic distortion, the Q of the output network must be higher 
than that required by the second and third conditions of the output tuning circuit 
design guidelines. Additional filtering may be required at the expense of efficiency 
[26]. Class E amplifiers require transistors with a high breakdown voltage, as the 
switching amplifier has to sustain a large peak voltage in the off state.
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Section 3.5: Conclusions
Power amplifiers are key transmitter components of communication systems. This 
chapter has introduced the reader with some key performance parameters of PAs, 
highlighted the difference between linear and non-linear PAs and has provided a 
synopsis of the different classes of power amplifiers. Power amplifier's performance 
is dependent on the bias conditions, output-matching network and nature of the input 
RF signal. Two main classes of power amplifiers -  Classical (Classes A, B, and C) 
and Switching amplifiers have been described.
Class A amplifier offers maximum 50% drain efficiency (theoretical) and has the best 
inter-modulation distortion performance. Class B amplifier offers maximum 78.75% 
(theoretical) drain efficiency but is hardly used as microwave power amplifier due to 
transistor’s performance limitations. Class AB bias condition is mostly used in 
microwave amplifiers to get better efficiency than Class A. Class A and Class AB 
modes are mostly used for RF and Microwave circuit applications. Class C 
amplifiers have not found applications in the microwave frequency range due to 
fundamental performance limitations of Si-BJT and GaAs MESFET devices.
In Switching power amplifiers (Classes D, E, F, and S), the power transistor operates 
as a switch and can theoretically achieve close to 100% efficiency. Most of the 
applications of these amplifiers, so far, have been at lower frequency (below 
900 MHz).
Page 3-27
Chapter 3 Performance Parameters and Design Classes o f Power Amplifiers -
A Brief Overview
Section 3.6: References
1. S. C. Cripps, RF P ow er A m plifiers F or W ireless C om m unications, Artech House, 
Norwood, Massachusetts, 1999.
2. J. Walker, (Editor), H igh p o w er  G aAs F E T  A m plifiers, Norwood, Massachusetts; 
Artech House, 1993.
3. H.L. Krauss, C.W. Bostian and F. H. Raab, Solid  State R adio  Engineering, John 
Wiley, New York, 1980.
4. L. Larson, (editor), R F  and  M icrow ave C ircuit D esign F or W ireless  
Com m unications, Artech House, Norwood, Massachusetts, 1996, Chapter 7.
5. B. Razavi, R F  M icroelectronics, Prentice Hall, Upper Saddle River, New Jersey, 
1998, Chapter 9.
6. J. Dilorenzo and D. Khandenwaal, Editors, GaAs F E T  P rincip les and  
Technology, Artech House, Norwood, Massachusetts, 1983.
7. A1 Sweet, MIC and  M M IC  A m plifier  and  O scilla tor C ircuit D esign, Artech 
House, Boston, 1990.
8. G. Vendelin, U Rohde and A. Pavio, Microwave C ircuit D esign using L inear and  
N on linear Techniques, John Wiley and Sons, New York, 1990, Chapter 5.
9. J. Smith, M o d em  C om m unication C ircuits, McGraw-Hill, New York, 1986, 
Chapter 11.
10.1. Bahl and P. Bhartia, Microwave So lid  State C ircuit D esign, John Wiley & 
Sons, New York, 1988.
Page 3-28
Chapter 3 Performance Parameters and Design Classes o f Power Amplifiers
A B r ie f  Ov er view
11. G. Gonzales, Microwave Transistor A m plifiers: A nalysis and  D esign , Prentice 
Hall, New Jersey, 1984.
12. K. Clarke and D. Hess, C om m unication Circuits: A na lysis and  D esign, Addison- 
Wesley, Reading, Massachusetts, 1971, Chapter 9.
13. S. Maas, N on L inear M icrow ave C ircuits, Artech House, Norwood, 
Massachusetts, 1992.
14. A.P. Malvino, E lectronic Principles (Third E dition), McGraw Hill, New York, 
1984, Chapters 10 & 11.
15. T. T. Ha, Solid  State M icrow ave A m plifier  D esign, John Wiley & Sons, New 
York, 1981. Pages 105-110.
16. J. Mun (Editor), G aAs In tegrated  Circuits -  D esign and  Technology, MacMillan, 
New York, 1988, pages 256-259.
17. R.S. Pengelly, M icrow ave F ield-effect Transistors -  Theory, D esign and  
A pplica tions, Research Studies Press, U.K., 1986, pages 237-244.
18. R. Soares (Editor), GaAs M E SF E T  C ircuit D esign, Artech House, Boston 1988, 
Chapter 6.
19. J. Kenney and A. Leke, “Power Amplifier Spectral Regrowth for Digital Cellular 
and PCS Applications,” Microwave Journal, pp. 74-92, October 1995.
20. M. Cohn, J. Degenford and R. Freitag, “Class B operation of Microwave FETs 
For Array Module Applications,” IEEE International Microwave Symposium 
Digest, 1982, pp. 169-171.
21. S. El Hamamsy, “Design of High-Efficiency RF Class D Power Amplifier,” IEEE 
Transactions on Power Electronics, Vol. 9, No. 3, May 1994.
22. B. Bedford, “Electric Amplifying Circuits,” US Patent 1,874,159, Aug. 30, 1932.
Page 3-29
Chapter 3 Performance Parameters and Design Classes o f Power Amplifiers -
A B r ie f  Overv iew
23. F. Raab, “An Introduction to Class F Power Amplifiers,” RF Design, pp. 79-84, 
May 1996.
24. N. Sokal and A. Sokal, “Class E -  A New Class of High Efficiency Tuned Single- 
Ended Switching Power Amplifiers,” IEEE Journal of Solid State Circuits, Vol. 
10, pp. 168-176, June 1975.
25. F. Raab, “Idealized Operation of the Class E Tuned Power Amplifier,” IEEE 
Transactions on Circuits and Systems, Vol. 24, pp. 725-735,1977.
26. T. Sowalti et. al, “Low voltage High Efficiency Class E GaAs Power Amplifiers 
for wireless communications,” IEEE Journal of Solid-State Circuits, Vol. 30, 
pp. 1073-1080, October 1995.
Page 3-30
Chapter 4
Class C Operation of Microwave HBT Power Amplifiers
Section 4.1: Introduction
This chapter outlines the fundamental limitations of using GaAs MESFET or 
PHEMT microwave power amplifiers in Class C bias conditions and describes the 
advantages of Class C operation of GaAs HBT power amplifier. Large signal 
simulations of both MESFET and HBT power amplifiers are performed to 
demonstrate the Class C mode of operation. In the case of HBT power amplifier, the 
simulated Class C performance is compared with that for Class AB (the most 
commonly used bias mode). Detailed simulated performance of power gain, output 
power, PAE, collector and base currents as a function of input RF power level are 
shown for these bias conditions for an HBT power amplifier. Simulated waveforms 
for the collector voltage, collector current, base voltage and collector I-V 
characteristics depicting dynamic load line of the amplifier are also shown and 
compared for two different bias modes. Specific conclusions are provided at the end 
based on the simulated performance results.
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Section 4.2: Some Limitations of Class B and Class C Microwave 
FET Based Power Amplifiers
Microwave FET based (MESFET and PHEMT) power amplifiers are traditionally 
biased in Class A or Class AB mode. These modes of operation of power amplifiers 
require complex power supply regulator circuitry to turn off the amplifier during idle 
periods for prime DC power conservation. The peak RF voltage amplitude for GaAs 
MESFETs and PHEMTs is limited by gate-drain breakdown voltage. In Cut-off class 
operation, i.e. Class B and Class C, this limitation becomes more severe. Adlerstein 
and Zaitlin [1] have compared Class B operation of the MESFET power amplifier 
with the HBT. If, for example, the gate-drain breakdown voltage is 20 Volt and the 
pinchoff voltage of the device is -  4 Volt, then even in fully driven Class A operation 
the maximum voltage at the drain can only be 16 Volt. This limits the power supply 
voltage, Vdd to 8 Volt. For Class B or C operation, the gate drive extends from 0 Volt
to -  8 Volt, hence limiting the drain voltage to a maximum of 12 Volt. In this 
condition, the maximum supply voltage can be 6 Volt. These effects reduce the 
power of MESFETs and PHEMTs in cut-off classes. The same argument is still true 
for a device with less negative pinchoff voltage i.e. -2.4 Volt or -3  Volt. Also, under 
high RF drive, during the “o ff’ portion of the RF cycle, the gate terminal can be 
driven below the breakdown voltage, thereby producing excessive gate and drain 
leakage currents and low power gain [2,3,4]. The transconductance of almost all 
microwave power GaAs MESFETs is fairly constant over most of the gate-to-source 
input voltage range but decreases rapidly as the channel pinches off i.e. when
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Vgs = Vp (Pinchoff Voltage). This degrades both the small signal and power gain of 
an amplifier when attempts are made to bias the power amplifier at pinchoff voltage.
Although performance of Class-B MESFET Power amplifiers operating in the 
X-Band frequency (10 GHz) have been reported [5,6,7], the authors mentioned that 
the true Class B bias condition was not possible in their experiments. In fact, as a 
reasonable compromise between high efficiency and gain over a large dynamic range, 
the MESFET power amplifiers were biased at 10% of Idss. Hence, they do not 
operate purely as Class B, but to a close approximation where the conduction angle is 
not much larger than 180°.
To better understand these issues of cut-off class operation, computer simulation has 
been used for the first time for a MESFET Power amplifier designed for 10 GHz 
frequency and operating in Class B mode. A Curtice Cubic large signal model of the 
MESFET for cut-off class operation is used in the HP-EESOF LIBRA simulation 
environment [8]. The device parameters of the Power MESFET used in the 
simulation are:
• Power MESFET Device size = 1.5 mm
• MESFET Gate length = 0.4 micron
• Power Output Capability = 0.44W/mm
• vds = 9 Volt and Vgs = -4 Volt
• Vp (Pinchoff Voltage) = -3 Volt
• Gate-Drain Breakdown Voltage, BVgd = 20 Volts
• Saturated Drain Current, Idss = 240mA/mm and Imax = 300mA/mm
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Figure 4.2-1 is a simulated plot of output power (PIOUT), PAE (PAE1), gate bias 
current (GBIAS2-D), and 1/3 of drain current (IDXP3) as a function of the input RF 
power level (PWR). The scale on the X-axis (scale: 0 to 27 dBm in 3 dBm/division) 
represents the input power level at the input of the power amplifier. The left hand Y- 
axis (scale: 0 to 30 dBm in 3 dBm/division) denotes the output power performance of 
the amplifier. The gate bias current, PAE and the drain bias current are displayed on 
the right hand Y-axis (scale: -10 to 90 units with 10 units/division). The drain 
current is plotted at l/3rd its value to fit in the same right Y-axis scale as the 
maximum drain current in this mode is 120 mA at an input power level of 27 dBm.
The simulated performance of the MESFET power amplifier shows that at low input 
RF drive level there is insufficient transconductance, gm to generate any output power
in the MESFET device. In this mode the effective gate voltage (Vgs) is only slightly 
above Vp (pinchoff voltage), which entails low gm and no power gain. As the input 
RF drive level is increased, the positive transition of Vgs will eventually exceed Vp, 
resulting in channel modulation. This can be seen in the simulation (Figure 4.2-1) 
when 1^  (drain current) exceeds zero mA and power output > 0 dBm. With more input 
RF drive level, the average drain current increases resulting in higher gm and power 
gain. The gate current can be seen to increase in the negative direction, i.e. current 
flowing out of gate terminal, as the input drive is increased. This is due to the drain- 
gate breakdown on the negative transition of gate voltage swing. This is evidence of 
the limiting mechanism in Class-C mode FET power amplifiers. As this gate current 
continues to increase, the avalanching drain-gate junction essentially starts to load the 
output of the amplifier and limits power and efficiency. If driven far into
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compression the drain-gate junction will fail due to catastrophic avalanche 
breakdown. However, on the negative transition of V2S, the voltage across the drain
gate junction exceeds gate-drain breakdown voltage, BVgci resulting in negative gate 
current due to avalanche breakdown, and an associated power loss.
o Pi OUT x GBIAS2-Q + PAE1 Q IDXP3
1P5MM 1P5MM OUTEQN OUTEQN
RE RE
90. 0030. 00
40. 0015. 00
— X — -
- 10 . 000 . 000
12. 00 PWR-dBm0. COO 27. 00
Figure 4.2-1: Pout (PIOUT) versus Pin (PWR) for a 1.5-mm power MESFET with 
GBIAS2-D (gate current) and IDXP3 (drain current) and PAE (PAE1). 
The drain current is plotted as Id/3 to maintain the same scale as other 
parameters on the left hand Y-axis.
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Figure 4.2.2 is a simulated I-V plot of the drain current, Ids as a function of supply 
voltage, Vds at few different gate-source voltages (Vgs) settings. The drain current is 
plotted on the Y-axis (scale: 0 to 400 mA in 40 mA/division) and the X-axis 
represents the drain supply voltage (scale: 0 to 20 Volts in 1 Volt/division) 
Breakdown characteristic can also be seen in the I-V curves (Figure 4.2-2) where Vg
< Vp and Vds large. Two limiting characteristics of the power MESFET are evident 
in this parametric curve. First, significantly reduced gm as pinchoff voltage is
approached results in very small change in Id for the same change in Vg. Second, as
the drain-source and drain-gate voltage is increased, breakdown starts to occur and I- 
V curves start to slope upward. This upward slope is equivalent to an increased 
parasitic conductance across the drain-source terminals that load the amplifier in an 
undesired way.
Further increase in input RF drive power will not improve gain or PAE but instead 
damage the device due to these effects. If the BVgd is increased to avoid avalanche, 
input drive could be increased without negative gate current. However, the loss 
mechanism will shift to the positive Vg cycle when Vbi of gate source diode exceeded. 
This results in positive gate current and associated gain loss.
In summary, the simulated results agree with the theory about the limitations of 
MESFET power amplifiers biased at Class B or C. GaAs MESFETs are not suitable 
for Class C operation and even Class B operation is limited to low RF frequencies 
due to significant loss in power gain and excessive gate leakage current. Even at
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lower microwave frequencies, the Class B MESFET power device has to be re­
designed for lower pinchoff voltages and higher breakdown voltages as compared 
with microwave Power MESFETs designed to operate in Class A mode. GaAs 
PHEMT power amplifiers also suffer from the same limitations.
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Figure 4.2-2: Simulated Drain I-V curves of the 1.5 mm power MESFET showing 
reduction in gm and gate-drain breakdown voltage.
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Section 4.3: Class C Approach for HBT Power Amplifier
GaAs HBTs are traditionally biased in Class A or Class AB mode for power amplifier 
circuit applications [9,10]. Researchers at Texas Instruments demonstrated a highly 
linear, 7-Watt HBT power amplifier operating at 7.4 GHz [11]. Wang and his 
colleagues at Rockwell published results on a 7.4 - 14 GHz, linear HBT Power 
amplifier [12]. In both of these applications, power HBTs were biased in Class A 
mode. All of the high performance, high efficiency HBT power amplifiers reported 
in the literature were biased in Class AB mode [13-17]. Khatibzadeh and 
Bayraktaroglu [18] have reported a high efficiency S-band HBT amplifier where the 
device is operated in Class B, with Vbe = 1 Volt, not zero volts.
Ali et.al reported the first measured performance of GaAs HBT microwave power 
amplifiers operating in Class C mode [19,20] in 1995. Following the publications by 
the author and his colleagues, other researchers from around the world have since 
reported on Class C and Class F operation of HBT power amplifiers [21,22].
The research work described in this chapter and in Chapter 5 report for the first time, 
the tradeoffs involved in operating microwave GaAs power HBT amplifiers in Class 
C bias (Vbe = 0 Volts and Vcc = Vsupply) condition. In this mode, HBTs do not
require a base power supply; the RF signal is sufficient to turn the device "on". The 
simplifier, therefore, does not dissipate any power when the RF signal is absent even 
when the collector voltage is left "on" at all times. The self turn-on and turn-off
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characteristics of Class C amplifiers under pulsed conditions simplify or even 
eliminate the bias synchronization problem inherent in Class-A amplifiers. HBTs, in 
contrast, have the advantage over MESFETs/PHEMTs in maintaining the collector 
breakdown voltage, eliminating leakage current and exhibiting higher efficiency 
because of the exponential dependence of transconductance, gm on the base-emitter 
voltage [23].
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Section 4.4: Large Signal Simulation Test Bench for Microwave 
HBT Power Amplifier
A single stage, 24 dBm HBT power amplifier circuit has been used as a simulation 
test vehicle to understand the performance of this kind of amplifier biased for both 
Class AB & C conditions. Large and small signal simulations are performed using 
the HP-EESOF (series IV) CAD software package. Figure 4.4-1 shows the large 
signal model of the GaAs HBT of Westinghouse Electric Corporation. The model 
uses the Gummel-Poon parameters but has many enhancements over the Gummel- 
Poon model of the bipolar transistor [Appendix B] as listed in the HP-EESOF (series 
IV) “Libra” software package. The circuit schematic of this single stage HBT power 
amplifier designed for 6 GHz frequency of operation is shown in Figure 4.4-2. The 
circuit includes input and output matching networks and the entire layout parasitic 
associated with the basic HBT cell. The output-matching network is based on the 
large signal optimal load (40 Ohms) of the power HBT matched to 50 Ohms. The 
input matching network is designed using the measured small-signal S-parameter 
data. The HBT is biased at Vbe =1.4 Volts and Vcc = 7 Volt for Class AB operation.
The external base-collector diode in the schematic (Figure 4.4-2) is used to model the 
base-collector depletion capacitance of the HBT. The internal base-collector 
capacitor of the Gummel-Poon model is set to zero. This allows a current meter to be 
inserted in series with the internal current generator of the Gummel-Poon model. 
With the internal current meter and collector-emitter voltage probes, the true dynamic 
load line can be analyzed. The dynamic load line analysis gives an accurate
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indication of the quality of device matching under large signal conditions. Perfect 
matching would yield a perfectly thin I-V locus. Any reactance in the output, which 
needs to be "tuned out" results in an elliptical locus, which is undesired as it causes 
non-optimum performance of the power amplifier.
The thermal resistance of this power unit cell was measured in the lab and found to be 
Rth = 229°C/W using the method described in [24]. The large signal model 
parameters were extracted such that the appropriate temperature dependence and self­
heating are modelled correctly [25, 26]. The temperature variable (T) in HP-EESOF 
“Libra” (Series IV) simulation environment is set according to the desired operating 
point and R* with the following relationship:
T = Tbase + Pd x Rjh (4.4-1)
Where Tbase is the base plate temperature, Pd is the power dissipation of the device at 
the point of interest.
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Figure 4.4-1: Simulation Test Bench of the Large Signal Model of the power HBT in 
“Libra” software.
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“Libra” circuit schematic of a Single Stage, 24 dBm HBT Power 
Amplifier designed for 6 GHz operation.
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The simulation test bench used in the CAD program is depicted in Figure 4.4-3. In 
the test bench, tuners are used both at the input and output of the power amplifier 
circuit to optimise the matching networks. The tuners are labelled as "input tuner", 
"output tuner". During simulations, it was found that placing second harmonic traps 
(2F0 terminated to a short) helped to augment the PAE performance without affecting 
the fundamental signal performance. Second harmonic trap will of course benefit 
Classes AB and C through improved PAE under large signal operation [27]. This is 
due to the shorting of even harmonics in the output, leaving only the odd harmonics 
that add to give a square wave response in the output voltage. This voltage wave is 
ideally 180° out of phase with the current wave thus the resulting voltage-current 
power dissipation product is reduced. The harmonic balance test bench shows the 
frequency dependent tuners on the output set for 1<180° for even harmonics, and to 
Gamma optimum (i.e. optimum load impedance) for the fundamental. A second 
harmonic short also improves PAE and is included in the simulation.
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Figure 4.4-3: HBT Power Amplifier's Simulation Test Bench used in the "Libra" 
software program.
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Section 4.5: Simulated Performance of HBT Power Amplifier in 
Class AB Mode
Class AB is the most commonly used bias condition for high efficiency, microwave 
HBT power amplifiers. To establish a baseline for performance comparison, the 
simulated results of a 24 dBm HBT power amplifier optimized for 6 GHz frequency 
in Class AB bias condition is described first in this section. The following Section 
4.6 describes the simulated results obtained using Class C like bias condition.
Simulated results for an HBT power amplifier operating in Class AB Mode are 
described in the following sections. Figure 4.5-1 shows a simulated plot of output 
power and power gain versus input power for this 24 dBm power amplifier biased at 
Vbe = 1.4 Volt. The input power level is plotted on the X-axis (scale:
5 dBm/division) and the output power (Pout) and power gain (Gt) are plotted on the 
left Y-axis (scale: 10 dB/division). The power added efficiency (PAE) is plotted on 
the right hand Y-axis (scale: 20%/di vision). The HBT power amplifier shows 16 dB 
gain and 24 dBm output power (@ 2 dB gain compression) with an associated 
PAE of 70%.
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Figure 4.5-1: Simulated output power (Pout), power gain (Gt) and PAE of the 
Class AB HBT power amplifier operating at 6 GHz as a function of 
input power level.
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The behaviour of collector and base currents as a function of input power level is 
shown in Figure 4.5-2. The quiescent bias current for the collector (Ic) is 14 mA at 
low power level (-10 dBm) and it increases to 47 mA (at input power level of 8 dBm) 
at the 24 dBm-output power level. The corresponding base bias current (lb) varies 
from 0.4 mA to 4 mA over the same range of input power level.
The dynamic load line of this power amplifier is displayed on the I-V plot shown in 
Figure 4.5-3. The average collector current is about 40 mA and the amplifier has a 
higher value load conductance than the Class C case shown in Section 4.6. The 
dynamic load line is relatively thin and swings over the critical power triangle of the 
I-V plane. This indicates that the amplifier is well matched and the maximum power 
is being extracted from the HBT without excessive compression. Further increase in 
drive power will give more output power but at the expense of lower efficiency due to 
clipping and increased average collector current.
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Figure 4.5-3: Simulated I-V characteristics of the Class AB HBT power amplifier 
showing the dynamic load-line.
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The simulated waveforms for the collector current and voltage as function of time are 
plotted in Figure 4.5-4. It can be seen from the plot that shorting out even harmonics 
causes waveform to become squarer compared to being sinusoidal. Waveform 
shaping helps to improve power added efficiency [27]. Without harmonic tuning, the 
simulated PAE for this Class AB HBT power amplifier would be less than 62%.
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Figure 4.5-4: Simulated waveforms for the collector current (Ic) and voltage (Vce) in 
Class AB bias condition.
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Figure 4.5-5: Simulated base voltage (Vb) variation as a function of time for the 
HBT Power Amplifier in Class AB Mode.
The simulated behaviour of the base voltage over time is plotted on Figure 4.5-5. 
Simulation shows higher average base voltage and more symmetric voltage swing, 
less clipping.
These Class AB performance characteristics of this 24 dBm HBT power amplifier 
will be compared with the simulated performance results of the same amplifier in 
Class C mode in Section 4.6.
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Section 4.6: Simulated Performance of HBT Power Amplifier in 
Class C Mode
This section describes the simulated performance of the same 24 dBm HBT power 
amplifier operating at 6 GHz but biased for Class C condition. The objective is to 
understand the RF performance differences between the traditional high efficiency 
Class AB bias condition and Class C bias.
The Gummel-Poon model of the GaAs HBT power transistor described in Section 4.4 
was derived from thorough characterization of DC and RF performance of a 
fabricated GaAs Power HBT at Westinghouse Electric Corporation. The model 
parameters are derived from the normal bias mode (i.e. Vbe =1 .4  Volts, the turn-on 
voltage for the base-emitter junction operation) of the HBT. So the circuit simulation 
attempt for Class C type bias (Vbe = 0 Volts) effort faced some challenges as the large
signal Gummel-Poon model failed to work for a non-biased HBT resulting in 
extremely low power gain (~ 2 dB) and insignificant output power or efficiency. 
Adjusting the Vbe value from 0 Volt to 1 Volt solved this issue. With Vbe = 1 Volt, 
the HBT is still off and draws only microampere of current. The Class C simulated 
results described in this section uses Vbe = 1 Volt whereas in practice, the
experimental results described in Chapter 5 used Vbe = 0 Volt. It is believed that the 
effect of this Vbe = 1 Volt bias setting has no significant influence on the comparison.
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Simulated results for the HBT amplifier operating in quasi Class C is described in the 
following sections. Figure 4.6-1 shows a simulated plot of output power and power 
gain versus input power for this 24 dBm power amplifier biased at Vbe ~ 1 Volt. The 
input power level is plotted on the X-axis (scale: 4 dBm/div) and the output power 
(Pout) and power gain (Gt) are plotted on the left Y-axis (scale: 10 dB/div.). The 
power added efficiency (PAE) is plotted on the right hand Y-axis (scale: 20%/div.). 
The HBT power amplifier has 10 dB gain and 24 dBm power jout (@ 2 dB gain 
compression) and 82% PAE. It can be seen in the plot for the Pout, PAE, and Gain as 
a function of Pin for Class C that tradeoffs with Class AB is dynamic range and gain. 
In fact, gain does not peak until Pin ~ 9 dBm in comparison with Class AB that starts 
at a peak and slowly decreases as a function of input RF drive (Figure 4.5-1). In 
addition, the Class C gain only matches Class AB gain under heavy compression 
conditions. The PAE curve for Class C also lags that of Class AB until after gain has 
peaked. At this point, the PAE continues to increase and surpasses that of Class AB 
peak by ~11% points.
The behaviour of collector and base currents as a function of input power level is 
shown in Figure 4.6-2. The quiescent bias current for the collector (Ic) is 14 mA at 
low power level (-10 dBm) and it increases to 47 mA at the 24 dBm output power 
level. The corresponding base bias current (Ib) varies from 0.4 mA to 4 mA over the 
same range of input power level. The graph of Ic, Ib versus input power shows that 
the currents are essentially off until input power is approximately -2.4 dBm and they 
remain lower than in AB mode for all drive levels (Figure 4.5-2). This is a significant 
advantage when prime power is limited.
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The waveforms for the collector current and voltage are plotted in Figure 4.6-3. It 
can be seen from the plot that shorting out even harmonics causes waveform to 
become more square. Waveform shaping helps to improve power added efficiency. 
Without harmonic tuning, PAE for this Class C HBT power amplifier would be less 
than 82%. The plot of Vce, Ic versus time for the Class C mode shows the square 
wave characteristics as in the Class AB mode to be due to even harmonic shorting. 
This again improves PAE. In addition, it can be seen that during the Vce minimum, 
Ic maximum portion of the cycle, the Vce minimum is actually lower, closer to zero 
volts, compared to Class AB. Since this is a plot of the voltage across the transistor 
and current through it, the area under the Vce - Ic curve is a measure of power 
dissipated in the device. It is because of this lower Vce that the power dissipated in 
the device is lower and PAE is higher.
The dynamic load line of this power amplifier is displayed on the I-V plot shown in 
Figure 4.6-4. The average collector current is about 50 mA. The dynamic load line 
confirms the lower Vce during maximum \  cycle. It is seen that the load line has a 
higher resistive part thus smaller slope than the Class AB case (Figure 4.5-4) and 
intersects the I-V curve knee at a lower current. The lower current corresponds to a 
lower Vce minimum. For the Quiescent point the load line shows that at Vce = 7 Volts 
and Icq = 0 mA and the line slopes upwards toward the left. Therefore, the total area 
under this curve is reduced indicating lower DC power dissipation by the device. 
During the off portion of the cycle, the load line is flat towards the right. Therefore, 
the peak voltage is the same but the current is zero during this phase. Since the 
minimum voltage is lower and the maximum is the same, the total peak-to-peak
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voltage is increased. This results in the same power delivered to the load as in the AB 
case but with the advantage of lower power dissipation and increased PAE.
The behaviour of the base voltage over time is plotted on Figure 4.6-5. Simulation 
shows some clipping on the positive transition and none on the negative. The second 
harmonic short on the input helps to flatten the input swing that is reflected in the 
output.
Highlights from these Class AB and Class C simulated results of the 24 dBm HBT 
power amplifier operating at 6 GHz are summarized in the next section.
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Figure 4.6-1: Simulated output power (Pout), power gain (Gt) and PAE of the Class C 
HBT Power amplifier as a function of input power level
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Figure 4.6-2: Simulated collector (Ic) & base (Ib) current variations of the Class C 
HBT power amplifier as a function of input power level.
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Simulated waveforms for collector current (Ic)and voltage (Vce) in the 
Class C bias condition of the HBT power amplifier.
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Figure 4.6-4: Simulated I-V characteristics of the Class C HBT power amplifier 
showing the dynamic load-line with a smaller slope than the Class AB 
bias condition.
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Figure 4.6-5: Simulated base voltage variation as a function of time for the HBT 
power amplifier biased in the Class C mode (V5e = 1 V).
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Section 4.7: Simulated Performance Comparison -  
Class C and Class AB
The simulated results for Class AB and C bias conditions, described in 
Sections 4.5 and 4.6, for a 24 dBm HBT power amplifier operating at 6 GHz 
frequency reveal that there are performance trade-offs involved in the design for these 
different bias conditions. These differences are summarized in the following table:
Parameters Class AB Class C
Bias Conditions Vbe = 1.4V, 
VCC = 7V
Vbe = IV,
Vcc = 7V 
(HBT large signal model 
limitation for Vbe=0 
Volt)
Input Power 10 dBm 13.74 dBm
Output Power 24 dBm 24 dBm
Power Gain 14 dB 10.24 dB
PAE 70% 81%
DC Power dissipated until 
Pin = -4 dBm
104 mW (Ic=14mA) OmW
Table 4.7-1: Highlights of the simulated performance comparison for a 24 dBm
HBT power amplifier operating at 6 GHz.
Chapter 5 presents the experimental results of the RF performance tradeoffs for these 
different bias conditions for HBT power amplifiers.
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Section 4.8: Conclusions
Simulated results confirmed the limitations that exist in the practical implementation 
of true Class B or C GaAs MESFET power amplifiers. Simulations also showed that 
Class C operation of GaAs HBT power amplifier is possible and it does not suffer 
from the same drawbacks as in the case of MESFET power amplifiers. Performance 
tradeoffs of HBT power amplifiers biased in Class AB and Class C modes are also 
investigated. In particular, the key findings of the simulation are:
• GaAs MESFET Power amplifiers are not suitable for Class C / B operation at 
microwave frequencies due to significant loss in power gain, excessive leakage 
current and gate-drain breakdown voltage limitation.
• Unlike its MESFET counterpart, Class C operation of HBT power amplifier does 
not show the breakdown voltage limitation problem or excessive leakage current.
• The Class C HBT power amplifier shows about 10% more PAE and 3 - 4 dB 
lower power gain than the Class AB biased amplifier for the same output power.
• The Class C biased HBT power amplifier requires more RF input drive to turn on 
the device compared to the Class AB.
• HBT power amplifier's output optimum loads are very close to each other while 
the input optimum loads are quite different for the Class AB and C cases.
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Chapter 5
Experimental Results of Microwave Power HBT Amplifiers
in Class C Operation
Section 5.1: Introduction
This chapter describes the experimental method and results of operating GaAs HBT 
power amplifiers in Class C bias condition. Section 5.2 provides a brief description 
of the GaAs power HBT devices used in this experiment. The experimental 
source/load pull method of characterizing power devices and amplifiers is described 
in Section 5.3. Measured performance of output power, power-added efficiency, 
power gain, input and output impedance and harmonic contents of power HBT 
amplifiers operating in Class C and Class AB bias conditions over the 6 GHz to 9 
GHz frequency band are described in Sections 5.4 and 5.5. Comparison of measured 
performance parameters for these two different bias conditions are depicted in 
Section 5.6.
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Section 5.2: Description of the Microwave Power HBTs
The AlGaAs/GaAs power HBTs used in this study was fabricated at the Advanced 
Technology Laboratory of Westinghouse Electric Corporation on 4-inch GaAs wafers 
with active layers grown by MOCVD (Metal Organic Chemical Vapor Deposition) 
technique. The device is fabricated using a standard self-aligned base-emitter process 
that has been described in detail elsewhere [1,2].
Several 0.25-Watt and 0.75-Watt AlGaAs/GaAs HBTs are used for this experiment. 
The 0.25-Watt power HBT, with a total emitter area of 160 pm , consists of four
emitter fingers, 2 pm x 20 pm each, arranged in two rows and two columns 
(Figure 5.2-1). The HBT device layout resembles a "fishbone" arrangement, with a 
central base feed connecting the base terminals of the four subcell and with 
airbridged collectors. A 5 Ohm thin film external ballast resistor is placed in series 
with each emitter finger to increase the threshold power dissipation in the device 
beyond which current gain collapse [3] occurs. The total ballast resistance per 
emitter finger, including contact resistance, is approximately 12 Ohm. This ballast 
resistor is a compromise between thermal and electrical requirements. The emitter 
contacts are grounded on both sides through plated 40 um via holes. Two via holes 
are used for each emitter row to ensure low inductance at this terminal of the device. 
At 10 GHz frequency, this HBT device has 12 dB power gain at 0.25-Watt output 
power with 62% power-added efficiency.
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Figure 5.2-1. Photograph of the fabricated 0.25-Watt power HBTs. Two devices are 
shown in this photograph, each has 160 pm emitter area with 4 
emitter lingers.
Similarly, the 0.75-Watt device has 12 emitter fingers, each finger size being 
2 pm x 20 pm. At 10 GHz frequency, this HBT device has typically 10 dB power 
gain at 0.75-Watt output power with 55% PAE. The thermal resistance of the 
0.25-Watt device is ~ 405°C/W and that of the 0.75-Watt device is ~ 135°C/W. 
Photograph of the fabricated common-emitter 0.75-Watt power HBT devices is 
shown in Figure 5.2-2.
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Figure 5.2-2. Photograph of the fabricated 0.75-Watt power FIBTs. Two devices are
2
shown in this photograph, each has 480 pm emitter area with 12 
emitter fingers.
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Section 5.3: Source/Load-Pull Measurement System and Experiment
A computer controlled automated microwave load-pull tuner system [4,5,6], 
manufactured by David Samoff Research Laboratory in Princeton, New Jersey was 
used to characterize GaAs power HBT devices at different bias conditions and 
frequencies. Each tuner consists of two motorized mechanical slugs that are 
controlled by the tuner system software. This load/source-pull tuner measurement 
system is a convenient and reliable method of characterizing microwave power 
transistors and amplifiers [7,8]. This system is capable of dynamically testing 
microwave circuits under full power conditions while automatically varying the load 
and or source impedance of the device under test (DUT). In general the system can 
be used to characterize devices under different operating conditions, e.g. pulsed or 
CW input signal operation and Class A, B or C bias conditions. As its basic 
function, the tuner system software translates any desired impedance request into 
tuner settings and, conversely, determines the impedance corresponding to any tuner 
setting. This is accomplished using an equivalent circuit model of the tuner in 
conjunction with the known slug separation, slug impedance and inherent loss of the 
line. The system can be directed to optimally seek either a specific impedance point 
while it maximizes (or minimizes) a measurable parameter e.g. efficiency or peak 
output power or a family of impedance points satisfying a specific criteria e.g. 
constant efficiency or constant output power. A load-pull contour is the locus of all 
output impedance levels presented to the device producing a certain output power 
level at a given frequency, and under the same DC bias and input RF drive power
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level [9,10]. Contours of constant efficiency can also be drawn on the same chart. 
Hence, the designer can determine the output power and efficiency for each 
impedance level (Figure 5.3-1). In Figure 5.3-1, constant efficiency (PAE = 54 %) 
and constant output power (Power = 24.7 dBm) contours are plotted for a 24.7 dBm 
HBT operating at 9.5 GHz frequency. It is evident from the data that the optimum 
output impedance for the HBT device is different for different optimisation targets. 
Load-pull contours can also be used to study the sensitivity behaviour of output 
power and efficiency with respect to the SWR (standing wave ratio) loading of the 
power device and power amplifier circuit.
In addition to controlling the tuner itself, the system software can measure the gain of 
the device under test (DUT) using programmable meters, measure bias voltages and 
currents and provides graphical output (Smith Chart plots of impedance, gain vs. 
power, noise figure circles etc.) on a computer screen or plotter. It is automatic, fast 
and can be used for different optimisation goals such as maximum output power, 
minimum noise figure, peak collector/drain efficiency or PAE etc.
A block diagram of the measurement set-up for characterizing RF performance of 
power HBTs in the microwave frequency range utilizing the Samoffs automated 
source/load-pull tuner system is shown in Figure 5.3-2.
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Figure 5.3-1: Measured constant power (24.7 dBm) and Constant efficiency (54%) 
contours showing that the optimum output load impedance is different 
for different optimisation targets (i.e. maximum Power output or 
maximum PAE).
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Figure 5.3-2. Block diagram of the computer controlled Source/Load-Pull 
measurement System
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The 0.25-Watt and 0.75-Watt power HBTs previously described in Section 5.2 are 
die-mounted and wire bonded on copper/Molybdenum ribbed-carriers. These carriers 
have 50 Ohm microstrip lines on alumina substrates (Figure 5.3-3) and are then 
assembled into a test fixture. Figure 5.3-4 shows the test jig and the assembled power 
HBT devices on carriers.
Figure 5.3-3: Power HBTs mounted on Cu-Moly carriers with Alumina substrates.
Input and output of the HBT are wire bonded to the 50 Ohm 
transmission lines on Alumina substrates.
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Figure 5.3-4: Power HBTs mounted on carriers and assembled in a microwave test
jig-
The Source/Load-Pull procedure, previously described, is performed on these 
0.75-Watt and 0.25-Watt devices to obtain the maximum PAE for the rated output 
power level. These power devices are evaluated at several frequency points in the C 
through X frequency Band. Evaluation is performed in two distinct bias modes: 
Class AB and Class C. In Class AB mode, the devices are biased at fixed base- 
emitter voltage of Vbe = 1.37 Volt; the turn-on voltage for GaAs HBT. In Class C
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mode, the devices are biased at Vbe = 0 Volt. The collector potential is held at 7 Volt 
in both modes of operation.
A brief description of the experimental set-up and the method of measurement follow. 
A synthesized microwave signal source is used to provide clean CW input signals in 
the C through X (4-12 GHz) frequency Band. A solid state travelling wave tube 
(TWT) amplifier is used to boost up the drive power to the input of the device under 
test (DUT) since the synthesized signal generator can only provide limited output 
power in the C through X frequency band. Wideband (operating in the 4 to 8 GHz 
band and 5 to 12 GHz) variable attenuators are used to adjust the power levels both at 
the input and output tuners. Broadband (2-18 GHz) microwave bias tees are used to 
feed DC bias to the DUT and provide separate RF and DC paths. A directional 
coupler is used at the input to couple the input RF power. A wideband microwave 
isolator is used to minimize the reflection and signal level variations from the TWT. 
Two programmable microwave power meters, one at the input tuner side and one at 
the output tuner side are connected to sense and calibrate the input and output power 
levels. The input and output tuners are controlled by the system software installed in 
the computer through the programmable tuner controller box.
The reflection-transmission properties of the input side bias network, isolator, 
attenuator, directional coupler, as well as the output side bias network, attenuator, 
must first be calibrated through the network analyzer. S-parameters of the power 
HBTs placed in its test fixture is measured and de-embedded. Then the experimental
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set-up is calibrated by connecting the input and output tuners and utilizing the stored 
S-parameter files of the input and output side.
The power HBT assembled in the test jig is connected between the input and output 
tuner. The DC bias is then applied to the HBT by adjusting the collector voltage 
supply to 7 Volt and then the base bias voltage is adjusted according to the Class of 
operation (Class C: Vbe = 0 Volts; Class AB: Vbe = 1.35 Volts). First, the input 
power level to the input tuner is set at a low level (-30 dBm) to avoid subjecting the 
power HBT to high RF input power at turn-on. The tuner at the source side is set to a 
given position (such as 50 Ohm) and output power levels are measured for various 
positions of the tuner at the load side. The input side power sensor monitors the 
power supplied to the device and the output power sensor measures the output power. 
The transducer power gain and power gain can be deduced from the readings of the 
power meters.
Then repeating output power measurements for various load impedance points, one 
can obtain the load side impedance point at which maximum output power is 
reached. With the output tuner at this position, the output power can be measured by 
varying the setting of the input tuner. This is called source-pull measurement. Now 
setting the input side of the tuner at the position of maximum output power, one can 
perform load-pull measurements again. By alternately, repeating load-pull and 
source-pull measurements, the locations of the optimum input and output impedance 
for maximum output power can be obtained. Finally, by varying the magnitude of the 
RF input signal, it is possible to repeat this measurement process to observe the 
change of the optimum input and output impedance with respect to the input signal
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level. A sample of such a measurement for the output load impedance is shown in 
Figure 5.3-5 [11]. As seen from the figure, the output impedance is highly dependent 
on the input signal level.
Optimum Load Impedance Map FET in 70 mil package 
Wg =600 fi m
f = 8 GHz 
Vds= 8 V  
I ds = 20 mA
AB-class operation
Pin "
0
o c HN
A 5 dBm 16.9 dBm
B 7 19.0
C 9 21.2
D 11 22.4
E 13 22.8
Figure 5.3-5: Load Impedance of a MESFET Power Amplifier as a function of input 
power level at 8 GHz [11].
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The computer program is used to optimise the slug settings of the input and output 
tuners for maximum small signal gain for that particular input RF drive setting. 
Adjusting the input attenuator setting and the power level on the synthesized signal 
generator, the RF input power to the DUT is gradually increased. Readings of output 
power, power gain, PAE and input and output load impedance are taken at different 
input RF power. The input power level is increased to a point when a 1 dB decrease 
in gain is observed. At that setting, the output load is optimised through the output 
tuner for maximum PAE using the computer controlled search routine of the 
software. Once the required output power level i.e. 24.5 dBm or 28.5 dBm is 
reached, the goal is changed to optimise for the maximum power added efficiency as 
opposed to maximum power output. Please note that the optimum load impedance 
for the maximum Power output and maximum PAE are not the same. Once the peak 
PAE search is optimised, the computer displays the output load impedance on the 
Smith Chart. The search can also be fine-tuned manually after the program has found 
the general vicinity of the load impedance. The program also displays information 
regarding power gain, input power, output power, frequency of operation, magnitude 
and angle of input and output load reflection coefficient, bias voltages and currents.
The power HBT characterization method is similar for the Class-C mode except that 
sufficiently more RF input power is needed to turn "on" the device. The device 
exhibits no gain until adequate RF drive is applied and does not dissipate any DC 
power during that time. For both modes of bias conditions, PAE is measured at the 
same output power requirements i.e. 24.5 dBm and 28.5 dBm.
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Section 5.4: Measured Performance of a 0.75-Watt HBT Power 
Amplifier in Class AB and Class C Modes
This section describes the measured results of HBT power amplifiers for Class AB 
and Class C bias modes. The measured performance of the 0.75-Watt power amplifier 
is presented first and is then followed by the RF performance of the 0.25-Watt device. 
Most high efficiency HBT power amplifiers in use today in industry are biased in 
Class AB mode. Therefore, the objective of this experiment was to establish a 
baseline for the performance of these HBT power amplifiers in traditional Class AB 
mode first. And then repeat the experiment with the same power amplifiers but biased 
in Class C mode and operating at the same RF frequency to investigate the difference 
in RF performance. This experimental work has led to the first publications of Class 
C operation of microwave HBT power amplifiers [12, 13] and inspired other 
researchers [14] to investigate.
The typical output power and PAE as a function of input RF drive level at 6 GHz for 
the 0.75-Watt HBT is shown in Figure 5.4-1 for both Class AB and Class C bias 
modes. The output power is plotted on the left Y-axis (scale: 10 dB/division) and the 
input power is plotted on the X-axis (scale: 5 dB/division). The right Y-axis displays 
the PAE (scale: 25% /division). Class AB output power and PAE performance data 
is denoted by Pout (AB) and PAE (AB) while the Class-C performance data is 
denoted by Pout(C) and PAE(C). For 28.5 dBm output power, the HBT exhibits 14.4 
dB power gain and 72% PAE in Class AB mode. In Class-C operation, there is a
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12% increase in PAE (84%) with a concurrent loss of 4.3 dB in power gain (10.1 
dB). The corresponding recorded collector efficiency in this mode is 91%. The 
characteristics of the output power versus input power curve for Class-AB bias 
condition looks like a normal power amplifier curve whereas, in Class-C mode the 
curve looks quite different. In this mode, a substantial amount of input RF drive is 
needed to modulate the base-emitter junction of the transistor to turn "ON" the device 
since Vbe = 0 volts. That's why we do not see any output power reading until the 
input power level is high enough. During that range of input power level, there is no 
collector current flowing through the device. Figure 5.4-2 shows the variation in 
collector current of the power amplifier as a function of input power for the Class C 
bias case. Below 13 dBm input power, the device is not turned "on" and the collector 
current is close to zero. The power amplifier starts to draw collector current from 13 
dBm input power level and the current consumption continues to increase with drive 
level reaching 118 mA at 18.4 dBm input level.
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Figure 5.4-1: Measured typical output power (28.5 dBm) and PAE as a function of 
input drive at 6 GHz for the 0.75-Watt HBT power amplifier in 
Class AB and Class C modes.
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Figure 5.4-2: Measured collector current variations with input RF drive in Class C 
mode for the 0.75-Watt HBT power amplifier.
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The performance of this 0.75-Watt power HBT was also characterized over 6 GHz to 
9 GHz frequency band. At each RF frequency, the optimum PAE performance of the 
amplifier for 0.75-Watt output power was measured and recorded using the Samoff 
load/source-pull computer controlled tuner system.
For a nominal 28.5 dBm (0.75-Watt) output power, the variation of power gain and 
PAE of this device in these two bias modes of operation over 6 to 9 GHz frequency 
band are shown in Figures 5.4-3 and 5.4-4. In Figure 5.4-3, power gains of the HBT 
power amplifier for Class-AB and Class-C bias conditions are plotted as a function of 
frequency. The X-axis (scale: 1 GHz/division) represents the frequency of operation. 
Power gains are plotted on the Y-axis (scale: 2 dB/ division). At 6 GHz frequency, 
the 0.75-Watt HBT power amplifier shows 14.4 dB power gain in Class AB mode 
compared to 10.1 dB in Class C mode. The measured data illustrates that the power 
HBTs biased in Class AB mode always have higher gain than devices in Class C 
mode because more RF drive power is needed to turn "on" the transistor in Class C to 
get the same output power.
In Figure 5.4-4, PAE (Class-AB and Class-C) is plotted on the left Y-axis and Pout 
(Class-AB and Class-C) is plotted on the right Y-axis as functions of frequency. It is 
observed from the plotted data that the relative difference in PAE performance 
between Class AB and Class C decreases monotonically with higher operating 
frequency as the power gain of the device suffers consequent loss.
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Figure 5.4-3: Measured power gain performance, as a function of frequency, for the 
0.75-Watt HBT power amplifier in Class AB and Class C bias modes.
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Figure 5.4-4: Measured variation of PAE and output power for the 0.75-Watt HBT 
power amplifier in the two bias modes over 6 to 9 GHz frequency.
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The optimum impedance values for maximum PAE of this 0.75-Watt HBT power 
amplifier are also recorded during this experiment. The optimum load seen by the 
microwave tuners at the input and output ports of this 0.75-Watt device under these 
two bias modes of operations for maximum PAE are different. The Smith Chart in 
Figure 5.4-5 depicts that the optimum output load reflection coefficient for maximum 
PAE in Class AB and Class C at 6 GHz are very close to each other (TL = 0.42 Z 1 15° 
for Class AB and r L= 0.48 Z112° for Class C). The optimum input load reflection 
coefficients are quite different under these bias conditions (Ts = 0.8 Z171° for Class 
AB and Ts = 0.8 Z149° for Class C) as shown in the Smith Chart plot of Figure 5.4- 
6. Under normal operating conditions (Vbe = 1.35 Volts, and VCc = 7 Volt), the base 
emitter (B-E) junction of the HBT is forward biased. The RF modulation of this B-E 
junction parameters do not significantly alter the input impedance of the device since 
the input impedance of the HBT under this bias condition is dominated by parasitic 
base and emitter resistances. We do not see any significant difference between 
measured small signal and large signal input impedance under Class AB bias. The 
significant change in the input load seen by the tuner is a salient feature of the Class 
C operation of HBTs. This suggests that a power amplifier designed for the Class AB 
operation cannot be readily used as a Class C amplifier without changing the input- 
matching network significantly.
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Measured Smith Chart plot of the output optimum load for maximum 
PAE in Class AB and Class C modes for the 0.75-Watt HBT power 
amplifier at 6 GHz.
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Measured Smith Chart plot of the input optimum load for maximum 
PAE in Class AB and Class C modes for the 0.75-Watt HBT power 
amplifier at 6 GHz.
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A spectrum analyser was also connected to the output of the tuner to measure the 
relative harmonic contents of the 0.75-Watt HBT amplifier (having no intentional 
harmonic traps) under peak PAE conditions. Figure 5.4-7 is a spectrum analyser plot 
of the RF output spectrum for the 0.75-Watt HBT power amplifier operating at 
6 GHz. The output RF spectrum is plotted over a broad frequency range of 
2 - 2 0  GHz (scale: 1.8 GHz/division) to display the second and third harmonic signals 
of the 6 GHz fundamental signal. The relative power level of the second harmonic 
compared to the fundamental is of interest due to the influence of the second 
harmonic on the third order inter-modulation distortion products. During the 
measurement, two markers are placed at the fundamental signal and the second 
harmonic signal to measure the relative difference between the output power levels of 
these two signals. From Figure 5.4-7, it is observed that the difference in output 
power levels between the fundamental signal and its second harmonic is -31.20 dB 
for Class AB bias condition.
The same 0.75-Watt HBT power amplifier with re-optimised matching for Class C 
mode bias was re-measured for the same output power of the fundamental signal. 
The RF output spectrum is shown in Figure 5.4-8. It can be seen from the output 
spectrum that the difference in the output levels of the second harmonic signal and 
the fundamental signal is -23.6 dB. For a single-tone CW input signal at 6 GHz, the 
second harmonic of the fundamental signal increases by approximately 7 dB in Class 
C bias condition over more traditional Class AB bias mode for the same fundamental 
output power level. Harmonic tuning will further improve the performance of the 
HBT amplifiers at lower frequencies (below 5 GHz) [15].
Page 5-25
Chapter 5 Experimental Results o f Microwave Power HBT Amplifiers in Class C
Operation
MKR 6 . 0 1  GHz
A T T E N  3 0  dB - 3 1 . 2 0  dBR E F 1 5 . 0  dBm
10  d B /
MARKER
6 . 0  L GbK: 
- 3 1  . 2 0  CIB
S TA R T 2 . 0  GHz S T O P  2 0 . 0  GHz
RES BW 3  MHz VBW 3  MHz SWP 4 5 0  m s e c
Figure 5.4-7. Measured harmonic content for the 0.75-Watt HBT power amplifier 
biased in Class AB mode showing the fundamental signal at 6 GHz, 
and its second and third harmonic signals.
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Figure 5.4-8. Measured harmonic content for the 0.75-Watt HBT power amplifier 
biased in Class C mode showing that the second harmonic signal level 
has increased by 7 dB compared to Class AB bias condition.
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Section 5.5: Measured Performance of a 0.25-Watt HBT Power 
Amplifier in Class AB and Class C Modes
The measured performance for the 0.25-Watt HBT power amplifier is presented in 
this section. Typical performance at 6 GHZ frequency is 15.5 dB power gain, 73% 
PAE for 24.5 dBm output power in Class-AB bias condition. In Class C, the 
0.25-Watt device has 11.5 dB power gain and 85% PAE. The relative differences in 
the PAE and power gain over the 6 GHz to 9 GHz frequency band under Class-AB 
and Class-C bias conditions are plotted in Figures 5.5-1 and 5.5-2. At 9 GHz, the 
PAE increased by only 8.1% in Class C mode compared to Class AB bias condition 
with an associated 4.5 dB reduction in power gain. The difference in PAE 
performance between these two bias modes of operation increases monotonically with 
decreasing frequency. The RF performance of this 0.25-Watt power HBT also 
exhibits similar trends like the 0.75-Watt device.
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Figure 5.5-1: Measured variation of the output power and PAE of the 0.25-Watt 
HBT power amplifier in Class AB and Class C bias modes as function 
of frequency.
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Figure 5.5-2: Measured power gain variation as a function of frequency for the 
0.25-Watt HBT power amplifier in Class C and Class AB bias modes.
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Section 5.6: Comparison of Class-C and Class-AB Performance of 
Microwave HBT Power Amplifiers
This section highlights the findings from the experimental results of the Class C 
operation of microwave HBT power amplifier at 6 GHz and compares with the 
traditional Class AB biased HBT power amplifier. Two tables (one for the 0.75-Watt 
amplifier and the other one for the 0.25-Watt amplifier) are provided below for 
comparison:
Parameters Class C Class AB
Power Output (dBm) 28.5 28.5
PAE (% ) 84 72
Power Gain (dB) 10 14.5
Table 5.6.1 Measured Class AB and Class C Performance comparison of a 6 GHz 
HBT power amplifier for 28.5 dBm output power.
Parameters Class C Class AB
Power Output (dBm) 24.5 24.5
PAE (% ) 84 73
Power Gain (dB) 11.5 15.5
Table 5.6.2 Measured Class AB and Class C Performance comparison of a 6 GHz 
HBT power amplifier for 24.5 dBm output power.
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In addition, the following observations were made based on experimental 
measurements:
• There is a significant difference in the optimum input impedance of the HBT 
power amplifier in Class C mode compared to Class AB mode.
• The output impedance of the power HBT amplifier does not change 
significantly between the Class C and Class AB bias conditions.
• The quiescent collector current remains almost zero in Class C mode until the 
RF input signal turns the amplifier "on"; whereas in Class AB mode, the 
quiescent collector current is not zero even at low input RF signal condition.
• The second harmonic content only rises by 7 dB, which can be improved with 
second harmonic tuning of the HBT amplifier.
The simulation and measurement results of the Class AB and Class C biased HBT 
power amplifiers agree with each other on the general trend, even though the output 
power levels of the HBT power amplifier are not exactly the same.
Parameters
Measured Simulated
Class AB Class C Class AB Class C
Vbe = IV , not 0V
Power Gain (dB) 15.5 11.5 14 10.24
PAE (% ) 73 84 70 81
Power Output (dBm) 24.5 24.5 24 24
Table 5.6.3 Comparison of measured and simulated Class AB and Class C 
performance for a 6 GHz HBT power amplifier.
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Section 5.7: Conclusions
This chapter presented the experimental results of the Class C operation of 
microwave HBT power amplifiers operating at 6 GHz and also over wider ( 6 - 9  
GHz) frequency band. Measured performance results have been demonstrated for 
two different microwave HBT power amplifiers: 0.75-Watt and 0.25-Watt. For both 
of these power amplifiers, RF performance comparisons have been made for Class C 
bias condition with the traditional high efficiency Class AB bias mode. It has been 
demonstrated for the first time that in Class C operation of Microwave HBT power 
amplifier, very high PAE (84%) can be achieved for a 0.25-Watt and a 0.75-Watt 
amplifier operating at 6 GHz.
Class C operation of microwave HBT Power Amplifiers offers a significant 
improvement in PAE and simplification in bias circuitry. However, the associated 
power gain is approximately 4 dB lower which will limit the highest frequency of 
operation as compared to Class AB bias conditions.
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IMD Improvement Techniques for Microwave Power 
Amplifiers: A Brief Overview
Section 6.1: Introduction
All power amplifiers (PAs) exhibit non-linearity in gain and phase transfer 
characteristics at high RF drive levels. These amplitude (AM to AM) and phase (AM 
to PM) distortions generate unwanted outputs such as harmonics, inter-modulation 
distortion (IMD) products and phase modulation leading to adjacent channel 
interference and loss of transmission fidelity. Among the unwanted outputs, the 
third-order IMD products are considered as one of the most troublesome in 
communication system amplifiers due to their proximity to the fundamental 
frequencies and the consequent absence of filtering.
Linear PAs are required in bandwidth-efficient modulation (64 QAM) schemes (i.e. 
filtered QPSK and pi/4-QPSK) and multi-carrier systems (base station transmitters, 
cable transmitters) to minimize inter-modulation distortion and spectral re-growth. 
Linearization of power amplifiers has been an active field of research for many years. 
Basic PA linearization techniques are well known [1-4] and need no lengthy 
introduction.
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This chapter is not intended to be a treatise on IMD improvement techniques for 
microwave power amplifiers. It provides a brief synopsis of the different linearization 
schemes to familiarize the reader with the topic. Section 6.2 describes the basic 
concept of the Feedforward technique. The "Feedback" technique for improving the 
linearity of power amplifiers is mentioned in Section 6.3. A brief overview of the 
Linear Amplification with Non-Linear Components (LINC) technique is presented in 
the next Section. The Envelope Elimination and Restoration (EE&R) technique is 
briefly described in Section 6.5. The next section introduces the reader to the 
Adaptive Predistortion technique. Section 6.7 cites some recent techniques that have 
appeared in the literature.
Page 6 -2
Chapter 6 IMD Improvement Techniques for Microwave Power Amplifiers -
A Brief Overview
Section 6.2: Feedforward Technique
This section provides an overview of the Feedforward technique that has been used to 
improve the third order IMD performance of power amplifiers. A non-linear PA 
generates an output voltage waveform that can be viewed as the sum of a linear 
replica of the input signal and an error signal. A Feedforward topology computes this 
error and, with proper scaling, subtracts it from the output waveform yielding 
improved distortion performance of the PA.
Feedforward is an old technique invented and patented by H.S. Black in 1928 [5]. 
Modem interest in the radio frequency use of Feedforward technique began in earnest 
with the work of Seidel et. al at Bell Laboratories [6,7]. In its simplest form, a 
Feedforward amplifier system consists of the elements shown in Figure 6.2-1 [1]. 
The input RF signal is divided into two identical paths, namely the amplification path 
otherwise, known as the main path, and the error path. In Figure 6.2-1, the top half of 
the diagram is the main path and the bottom half of the diagram is the error path. In 
practice, the main amplifier and the error amplifier in the system exhibit substantial 
phase shift at high frequencies, mandating the use of delay lines to compensate for 
the respective phase shifts. The time delay blocks in Figure 6.2-1 represent the delay 
lines. The main power amplifier (Al) amplifies the signal in the main path. The 
non-linearity in the power amplifier generates inter-modulation and harmonic 
distortions in addition to the original signal. This output is then combined in a 180-
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degree combiner (i.e. a subtracter) with a time-delayed sample of an undistorted input 
signal in the error path.
Main
Amplifier
Output
Time
Delay
Splitter
Input
Error
Amplifier
Time Subtracter
Delay
Figure 6.2-1: Block diagram of a Feedforward System [1].
The combiner will ideally cancel the fundamental signals and generate an error signal 
containing substantially the distortion information from the main amplifier as 
depicted in the spectrum plot after the subtracter. This error signal is then amplified 
linearly by amplifier A2 to the required level to cancel the distortion in the main path 
and fed to the output coupler (C l) . The main path signal through coupler C l is time 
delayed by an amount approximately equal to the delay through the error amplifier, 
A2, and fed to the output coupler in anti-phase to the amplified error signal. An 
amplified version of the original input signal results from the output of the coupler, 
C2 with reduced inter-modulation distortion as shown in the spectrum plot. The key 
aspects to note in the basic correction process are that both amplitude and phase
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errors are removed and that the addition and subtraction process is performed at RF, 
rather than at video or baseband.
The concept of Feedforward can be extended to "nested loops" [8] wherein the 
topology of Figure 6.2-1 is utilized as the main PA within another Feedforward 
system. Of course, this kind of system becomes more complex in practice.
The advantage of the Feedforward topology over feedback technique (described in 
Section 6.3) is inherent stability even with finite bandwidth and substantial phase 
shift in each building block. Feedforward techniques have been applied to military 
HF communications [9], integrated cable TV amplifiers [10], satellite amplifiers [11] 
and cellular radio systems (for the base-station) [12]. Commercially available 
Feedforward amplifier systems typically claim about 20 dB to 30 dB of IMD 
reduction for a single Feedforward loop, and multi-carrier products using multiple 
loops can provide 50 dB of correction [1]. However, the main drawbacks of this 
technique are as follows:
• Maintaining good gain and phase tracking requirements in both the error path and 
the main path [1].
• Poor overall efficiency due to the need of an additional ultra-linear power 
amplifier in the correction or error loop.
• Requires power amplifiers with small propagation delays otherwise longer time 
delay lines are required resulting in more power loss.
• Overall size and cost is quite significant.
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Section 6.3: Feedback Technique
Feedback techniques at microwave frequencies usually suffer from insufficient gain 
and excessive phase shift. One way to alleviate the situation is to obtain most of the 
loop gain at low frequency through frequency translation. This is possible in the case 
of a power amplifier since the signal processed by the power amplifier originates from 
up converting a baseband or IF signal. Thus if the output of the PA is down 
converted in frequency, it can be compared with the original low-frequency signal 
through a negative feedback loop. This feedback technique utilizing frequency 
translation is illustrated in Figure 6.3-1. The two mixers perform the frequency 
translation required between the PA and the error amplifier, A l.
PA
PA
LPF
Figure 6.3-1: Feedback Technique using Frequency Translation [4].
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The feedback loop tries to make VPA a copy of Vm, but at different carrier frequency. 
An extra phase shift element 0 is added to the bottom local oscillator (LO) signal to 
ensure stability by addressing the total phase shift through the upper mixer and 
the PA [4].
"Cartesian Feedback" is a special class of frequency translation feedback method 
[13]. This technique is applied to power amplifiers when the input baseband signal is 
in I and Q forms by decomposing the output signal of the PA into quadrature phases 
before it is compared with the inputs. Figure 6.3-2 shows the block diagram of this 
technique [2].
I-Q
modulator
90° PA
L i n e a r i z e d
O u t p u t
LO
90°
A t t e n
de-modulator
Figure 6.3-2: Block Diagram of the Cartesian Feedback Technique [2].
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Kennington [1] presents an excellent treatment of the Cartesian Feedback Technique. 
The basic operation of the technique follows his explanation. The I and Q signals 
from the baseband are first fed to differential amplifiers. The outputs of the 
differential amplifiers are up-converted to RF by two quadrature mixers and then are 
combined to form the complex RF output with amplitude adjustment capability. A 
non-linear power amplifier then amplifies this RF signal. For the purpose of 
linearization, the output of the power amplifier is sampled, amplitude adjusted and 
split into two paths. These two path signals are fed into two down-conversion 
quadrature mixers. As the local oscillator signals for up-converter and down- 
converter are synchronized, the coherent I and Q signals are produced. The output of 
the down-converter then is fed to the differential amplifier to close the two-closed 
loop path. The two loops operate independently as the two signal paths are 
orthogonal. The differential amplifiers synthesize the subtraction process and 
generate the error signal. An integrated circuit implementation of the Cartesian 
Feedback modulators and error amplifiers are possible.
Linearity improvements of 35 dB have been achieved over various channels at 
840 MHz [1]. The adaptability to any modulation scheme is one of the notable 
advantages of this technique. However, the Cartesian feedback technique has the 
following disadvantages:
• Increased power dissipation in the implementation of feedback modulators 
& demodulators and error amplifiers. Added circuit complexity.
• Synchronization of local oscillators is a challenge in this technique.
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•  Phase shift varies with temperature, process parameters and the output 
power level making it difficult to guarantee stability.
Polar Feedback Technique is a variant of the Cartesian Feedback Loop. The main 
difference lies in the form of the feedback applied. Petrovic [14] described the 
specific implementation of this concept. In the Polar Loop, the amplitude and phase 
coordinates are used rather than the I and Q of the input signal. The invention of the 
Polar loop pre-dates that of the Cartesian loop, however it is generally poorer in terms 
of achievable linearity performance. No practical commercial product 
implementations are known [1].
Modulation
Amplifier RF PA
RF
Output
Differential
Amplifier AttenuatorVCO
[X b ©
Synthesiser
Loop
Amplifier
SSB
Gen.
Downconverter
Demodulator
Loop
Filter
Demodulator
LimiterLimiter
Figure 6.3-3: Block Diagram of the Polar Feedback Technique [1].
Page 6 -9
Chapter 6 IMP Improvement Techniques for Microwave Power Amplifiers -
A Brief Overview
Section 6.4: Linear Amplification with Non-Linear Components 
(LINC) Technique
D.C. Cox first proposed in 1974 the LINC (Linear Amplification with Non-Linear 
Components) technique as a means of improving the IMD performance of PAs [15]. 
The main objective of this technique is to have a highly linear amplification using a 
very non-linear switching power amplifier (Class C or D or E or F). The use of high 
efficiency switching amplifiers results in the potential of achieving 100% DC to RF 
power conversion efficiency and this is a major attraction of the technique. The LINC 
technique converts the input signal into two constant envelope signals that are 
amplified by switching power amplifiers, and then combined, before transmission.
The basic format of the LINC technique is shown in Figure 6.4-1. The modulating 
signal is separated in the DSP, from the input baseband information, as two constant 
envelope phase modulated signals. A bandpass signal Vm(t) = a(t) cos[coct +<|)(t)] can 
be expressed [15,16] as the sum of two constant-amplitude phase modulated signals, 
Vi(t) = 0.5 VO sin[coct + 4>(t) + 0(t)] and V2(t) = -0.5 VO sin[coct + 4>(t) - 0(t)], where 
0(t) = Sin'1 [a(t)/V0 ]. Thus, if Vi(t) and V2(t) are generated from V ^t), then 
amplified by non-linear PAs, and subsequently added, the output will contain the 
same envelope and phase information as in Vin(t). If the requirements of the 
technique are fulfilled, the output of the summing device is an amplified version of 
the input signal with ideally no added distortion.
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PA1
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Voice/Data, DSP
Vin Load
V 2
^  PA2 
High Efficiency
VCO
Figure 6.4-1: Block Diagram of the LINC linearization technique [1].
However, the realization of Vi(t) and V2(t) from Vm(t) requires substantial 
complexity, primarily because their phase must be modulated by 0(t), which itself is 
a non-linear function of a(t). The use of non-linear frequency-translating feedback 
loops has been proposed [16], but loop stability issue limits the practical application.
In addition to complexity, the LINC technique must deal with two other important 
issues. First, the requirement for a cancellation process at the output results in 
stringent control requirements for the gain and phase matching of the two RF 
paths [17]. Second, the output combiner introduces significant loss because it must 
achieve a high isolation between the two power amplifiers. This degrades the 
efficiency significantly. No commercial transceiver designs employing the LINC 
linearization method are currently known to exist [1].
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Section 6.5: The Envelope Elimination and Restoration 
(EE&R) Technique
The Envelope Elimination and Restoration (EE&R) technique has also been 
suggested in the literature as a linearisation technique for power amplifiers [18]. 
The basic idea behind this technique is that a bandpass signal can be decomposed 
into an envelope signal and a phase modulated signal, amplifying each separately, and 
then combining the results at the end. Figure 6.5-1 and 6.5-2 illustrate this technique 
[1,4]. The input signal drives both an envelope detector (in its simplest form a diode 
detector) and a limiting stage, thus producing the envelope and the phase modulated 
components (Figure 6.5-2). These components are amplified through audio amplifier 
and power amplifier respectively and also combined at the power amplifier. Both the 
audio and the power amplifiers can be implemented as high efficiency switching 
amplifiers. As both of these types of amplifiers are theoretically 100% efficient, and 
as there are no other loss mechanisms (delay lines or combiners) in the high power RF 
path, the overall amplifier potentially could be 100% efficient.
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Figure: 6.5-1: Block Diagram of the Envelope Elimination and Restoration 
Technique (EE&R) [1],
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Figure: 6.5-2: Block Diagram of the EE&R Technique showing the waveforms at 
different positions [4].
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Practical EE&R transmitters have been built for a number of applications, most 
notably for military HF SSB transmitters [19], however there are a number of 
practical problems, which limit, in particular the linearity available from the system 
[1]. The use of high level modulation of the power supply is not a particularly linear 
method of modulating an RF carrier, especially at low envelope levels, where the PA 
will cut-off introducing significant distortion. The mismatch between the total phase 
shift and gain of the two paths in Figure 6.5-1 must be maintained below an 
acceptable level, a difficult task as the two paths employ different types of circuits 
operating at vastly different frequencies. Also, the limiters incorporating active 
devices exhibit substantial AM-to-PM conversion at high frequencies, corrupting the 
phase of the phase modulated signal in that path.
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Section 6.6: Adaptive Predistortion Technique
Predistortion involves the creation of a distortion characteristic which is precisely 
complementary to the distortion characteristic of the RF power amplifier and 
cascading the two in order to ensure that the resulting system has little or no input- 
output distortion. The pre-distorting of the input signal falls into one of the following 
categories:
• R F  Predistortion  -  where the pre-distorting component operates at the RF 
frequency.
• B aseband  Predistortion -  where the predistortion characteristics are typically 
stored as a lookup table consisting of phase and gain weighting values within 
a DSP (Digital Signal Processor) in order to predistort the baseband 
information before frequency upconversion.
The basic form of a pre-distortion linearization scheme is shown in Figure 6.6-1 for 
an RF amplifier and a predistorter [1]. The predistorting function, p (*), operates on 
the input signal in such a manner that its output signal is distorted in a precisely 
complementary manner to the distortion produced by the RF power amplifier, F (*). 
The output signal is therefore, ideally, an amplified, but undistorted replica of the 
input signal. The graphical representation of the technique is shown in Figure 6.6-2.
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Input Output
Predistorter RF Amplifier
F{p(V,)} = A
Figure 6.6-1: Schematic of an RF amplifier and Predistorter [1].
Figure 6.6-2: Operation of a Predistortion System [1].
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The RF predistortion approach involves the use of non-linear elements such as 
diodes [20] or MESFETs [21] to generate amplitude and phase distortion at the power 
amplifier's input varying with the input drive level. A series diode with a parallel 
capacitor provides positive amplitude and negative phase deviations with the increase 
of input power and can compensate AM-AM and AM-PM distortions of power 
amplifiers. A 5 dB improvement in ACPR has been achieved for a n/4  QPSK digital 
modulated RF input signal [20]. Similarly, using a passive MESFET [21] or an active 
dual-gate MESFET [22] as linearising circuit, a 10 dB improvement in the ratio of the 
carrier to intermodulation (C/I) has been reported for satellite transponder's Travelling 
Wave Tube Amplifier (TWTA). High linearity systems based on RF predistortion 
alone (i.e. without back-off or Feedforward assistance) are extremely difficult to 
achieve [1].
Figure 6.6-3 shows the block diagram of a digital adaptive predistortion system. The 
system works as an open-loop predistorter, with the lookup table providing a pre­
programmed I-Q output pair for each input envelope sample. The I-Q output pair 
contains the appropriate phase and amplitude correction required to compensate for 
the PA non-linearity at the current signal level. Because of the precision of the DSP, 
such systems have been reported to give impressive corrections in IMD or ACP 
suppression levels [23].
Adaptive digital predistortion has two distinct advantages [24]. First, the correction 
is applied before the power amplifier where insertion loss is less critical. Second, 
significant IMD reduction is achievable. However, the digital predistortion technique 
has the following limitations:
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•  N e ed  o f  accura te  an d  f a s t  adap tion  a lg o r i th m : In order to get the full
advantage of the technique the coefficients in the look up table need to be 
updated accurately and with a high speed requiring a fast and accurate 
adaption algorithm. This is a challenging part of the technique.
• P o w e r  effic iency : The extra DSP circuitry, A/D, D/A and memory devices 
consume DC current that is comparable with the DC consumption in the RF 
circuitry. This is a major drawback of this technique. Until the device 
technology is sufficiently advanced so that this current consumption becomes 
a fraction of that of the RF circuitry, the adaptive pre-distortion technique 
would not be a viable solution for DC current efficient linearization.
• L im ited  B a n d w id th : The bandwidths are low due to limited DSP 
computational rates.
PA
L i n e a r i z e d
O u t p u t
^  LO
A tten
90°
90°
ADC
DSP Look-up
table
DAC
Figure 6.6-3: Block Diagram of a digital adaptive predistortion system [2].
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Section 6.7: Recent IMD Improvement Methods
In recent literature three other techniques for reducing the third order IMD products 
have been reported. One technique uses segmented parallel-connected MESFET 
transistors biased to different points on the DC characteristics to improve the third 
order IMD product by 20 dB at -5  dBm output power [25]. Another technique uses 
feedback/injection of second harmonic signals to produce an anti-phased third order 
product on a second pass through the amplifier [26] and achieved 16 dB improvement 
for a 500 MHz MESFET amplifier at 0 dBm output power. This second harmonic 
injection technique has been applied for the first time to an HBT power amplifier [27] 
as described in Chapters 7 through 9. More recent work has extended this second 
harmonic injection technique to the injection of difference (fl-f2) frequency rather 
than the second harmonic (2f) injection [28,29].
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Section 6.8: Conclusions
This chapter has provided a brief overview of many of the available techniques for 
the linearization of microwave power amplifiers. Feedforward, Feedback, LINC, 
EE&R, RF predistortion and Adaptive baseband predistortion techniques have been 
described. These techniques are very much application dependent. It is not practical 
to compare these different techniques, as they are system dependent. Furthermore, 
each technique is suited to only some classes of power amplifiers.
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Chapter 7
Principle of the Second Harmonic Injection Technique 
for improving the Third Order IMD Performance 
of HBT Power Amplifiers
Section 7.1: Introduction
This chapter describes the second harmonic injection technique for improving the 
third order inter-modulation distortion (IMD) products in GaAs HBT power 
amplifiers. Section 7.2 describes the proposed method and highlights the key 
distinguishing features of this research work. A mathematical analysis of the second 
harmonic injection technique applied to a heterojunction bipolar transistor is 
described for the first time in Section 7.3. For both cases, that is, before and after 
applying the second harmonic injection technique, mathematical expressions are 
derived for the input third order intercept point of the HBT and also for the ratio of 
the fundamental signal to the third order IMD products. The mathematical conditions 
for reducing the third order IMD products are also compared with the published 
expressions derived for a MESFET amplifier. A formula is also derived for 
predicting the reduction of the third order IMD products by using this technique.
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Section 7.2: Description of the Second Harmonic Injection Technique 
applied to an HBT Amplifier
This section describes the second harmonic injection technique for improving the 
third order IMD products of an HBT amplifier and outlines the distinguishing 
characteristics of the present research work in this area.
The technique described in this work is based on using the non-linearity of the GaAs 
Power HBT to cancel out the third order Inter-Modulation distortion (IMD) product. 
Two closely spaced fundamental signals applied to an HBT amplifier will generate 
third order IMD products at the output of the amplifier. If the second harmonics of 
the two fundamental signals are injected into the amplifier along with the two closely 
spaced fundamental signals, the non-linearity of the HBT amplifier will produce 
additional signals at the output of the amplifier at the frequencies of the third order 
IMD products. These new third order IMD signals are in addition to the original third 
order IMD signals generated at the same frequencies by the amplifier from the two 
fundamental signals. By proper selection of the phase and amplitude of the injected 
second harmonic signals, it is possible to make the third order IMD products 
produced by the injected second harmonic signals to be out of phase and equal in 
amplitude to the original third order products generated by the fundamental signals of 
the non-linear power amplifier.
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As a consequence, the third order IMD is totally eliminated, in principle, without
compromising the amplifier’s gain and the fundamental signal levels [1,2].
A simplified illustration of the principle of second harmonic injection technique to 
improve/eliminate the third order IMD of an HBT amplifier is shown in Figures 7.2-1 
and 7.2-2.
F1 F2
F 1 F2
HBT Power 
Amplifier =>
2 F i  -  F 2
A
2F2 - F i
A
RF Output Spectrum
RF Input
Figure 7.2-1: RF Output Spectrum from an HBT power amplifier for a two-tone 
input signal.
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The standard two-tone test for an HBT amplifier is shown in Figure 7.2-1. The RF 
output spectrum consists of the two original fundamental signals (FI, F2) and the two 
third order IMD signals (2F1-F2, and 2F2-F1). Figure 7.2-2 illustrates the concept of 
the second harmonic injection technique where not only the two-tone fundamental 
signals but also their corresponding second harmonics are injected into an HBT 
amplifier through phase and amplitude controller circuit. The phase and amplitude 
controller circuit optimises the values of the phase (<|)3 and 4>4) and amplitude (A3 and 
A4) of the second harmonic signals to ensure maximum reduction of the third order 
IMD products. The phase controller is realized by two phase shifter circuits and two 
RF attenuator circuits control the amplitude. After proper optimization of the phase 
and amplitude values of the two injected second harmonic signals, it is possible to 
reduce/eliminate the third order IMD products and achieve only the two original 
fundamental signals at the output of the HBT amplifier.
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Figure 7.2-2: RF Output Spectrum of the HBT power amplifier after applying the 
second harmonic injection technique showing only the original 
fundamental (FI, F2) signals.
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This second harmonic injection technique to improve the third order IMD
performance of an HBT amplifier [3] is similar to the method described in reference 
[1] for the MESFET amplifier case. The method published in reference [1] has 
analyzed the weak non-linearities of a MESFET amplifier operating at small signal 
conditions using a Taylor series expansion. Also, the measured results presented for 
the MESFET amplifier showed the application of the technique at relatively low 
(i.e. 0 dBm) output power levels. The present research work has advanced the 
concept in many different areas. Distinguishing characteristics of this research work 
are:
• Mathematical analysis using Bessel Functions for the highly non-linear
exponential relationship of the collector current with the base-emitter voltage of 
the HBT.
• Expressions for the conditions for reductions/elimination of the third order IMD 
products for an HBT using the second harmonic injection technique.
• Mathematical expressions derived for the ratio of the fundamental signals to their 
corresponding third order products for both before and after applying the 
technique.
• Mathematical expressions for the input third order intercept point (IIP3) of the 
HBT have been derived for both before and after applying the technique.
• Mathematical expression derived for the amount of reduction of the third orders
IMD products by applying this technique for the HBT.
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• First CAD simulation of this technique applied to an HBT power amplifier 
operating at 10 GHz (detailed in Chapter 8).
• CAD simulations for the CW, FM and AM input RF signal cases using 
"SystemView" software package (detailed in Chapter 8).
• First demonstration of the second harmonic injection technique applied to a 
potential GaAs HBT power amplifier designed for the 824 MHz to 849 MHz 
cellular CDMA handset applications (detailed in Chapter 9).
• Successful application of the technique for CW input signals at low (+15 dBm) 
output power levels as well as at full output power of 28 dBm where strong non- 
linearities of the HBT power amplifier are present (detailed in Chapter 9).
• First successful demonstration of the technique with an HBT power amplifier for 
FM and AM modulated input signals (detailed in Chapter 9).
• First successful demonstration of this technique applied to digitally modulated 
OQPSK input signal for CDMA Technology based handset applications (detailed 
in Chapter 9).
This chapter deals with the mathematical analysis of this technique, which is 
described in the next section. Simulation details of the second harmonic injection 
technique are covered in Chapter 8 for various input signal cases. Measured 
performance results for different RF input signal cases are covered in depth in 
Chapter 9.
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Section 7.3: Mathematical Analysis
This section provides a mathematical analysis for the second harmonic injection 
technique applied to a heterojunction bipolar transistor. The objective of this analysis 
is to derive some relationships between the phase and amplitude values of the 
fundamental signals and their second harmonic signals for reducing/eliminating the 
third order IMD products. Also, the motivation of this analysis is to come up with a 
closed form expression for the reduction of the third order IMD products after 
applying the second harmonic injection technique to a heterojunction bipolar 
transistor.
In order to analyze the technique mathematically, in an HBT amplifier, we start out 
with the fundamental exponential relationship of the collector current with the base- 
emitter voltage of a homojunction bipolar transistor. This expression is equally valid 
for a heterojunction bipolar transistor except that the base-emitter turn-on voltage, 
Vbe [4,5] is different and is governed by the base-emitter heterojunction 
semiconductor behaviour [4], as mentioned in Chapter 2, Section 2.4.2:
V be  = Egfi/q +(kT/q) In (NAWBlc/qDnNcNyA) + RIc (7.3.1)
Where EgB is the energy gap of the base, NA is the base doping concentration, WB is 
the base thickness, Ic is the corresponding collector current, Dn is the minority-carrier 
diffusion co-efficient, Nc and Nv are the respective density of states for the
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conduction and valence bands, A is the emitter-base junction area, and R is the
parasitic resistance, dominated by the emitter contact resistance. Typical V Be values
are 1.4 Volts for GaAs HBTs compared to 0.7 Volts for Silicon Bipolar Transistors.
The collector current and the base-emitter voltage are related by,
Ic = Is exp V be +  Vi, ^
< V t
(7.3.2)
Where Ic is the total collector current, Is a constant, V T = K T I q  = 2 6  m V  at room
temperature (25° Centigrade), VBE is the DC emitter-base voltage and Vin is the input 
signal voltage. Equation (7.3.2) may be represented as follows:
u  = u  exp[vSE /K; ]exp[V'n/V'I ] (7.3.3)
For two fundamental input signal sources given by A ic o s ^ t  + 0 {) and 
A 2cos(a>2t + 02) , the input voltage can be written as:
Vin =  Ai cos(^! t +  ex)  + A2 cos(^y21 +  e2) (7.3.4)
Substitution of equation (7.3.4) into (7.3.3) results in the total collector current 
expression as
I T = I dc exp[A2 cos {cop + )/V T ]exp[A2 cos (a>2t + 0 2 )/Vr ] (7.3.5)
Where I dc = / 5exp[VB£/Vr ]
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Now, expanding the exponential function of the form exp[dcos(wt)], in terms of
modified Bessel functions Ik(d), k=0,l,2 ... described by the following [6-8],
gd»s(««) = I0(d )+ 2I1(<i)cos(<at)+2I2(d)cos2(fflt)+... (7.3.6)
Using the above expression, the total collector current for only two fundamental 
signal tones can be written as follows,
I t = I  ± I 0 (x) + 2 ^  I  k (x) cos (kco j + 0X)k=1 k=l
10 (x) + 2 ^  I  k (x) cos (kco2t + 0 2)
(7.3.7)
Where we write:
x  = A j V T, y - A ^ I V j ,  and x = y , since Al = \  .
After some mathematical manipulation, we can obtain the terms containing only the 
fundamental products and the third order IMD products excluding the DC bias factor 
as follows:
The term containing the two Fundamental Signals is
2/ 0 {x )Ix (x)[cos(6>!r + &i) + cos (co2t + 02)] (7.3.8)
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And the terms containing the third order IMD products, namely 2a)j -CO2 and 2 (£>2 -coit
are:
2I x(x ) I 2(x){cos[(2ty1 - c o 2)t + 20l - 0 2] + cos[(2co2 - cox)t + 20 2 - 6X]}
(7.3.9)
Now if we inject the amplitude and phase shifted second harmonics (2coj and 2 ^ )  of 
the input signals, as well as the two fundamental signals {coj and (0 2 ) to the input of 
the amplifier we have the input voltage as
Vin = AicosC^jt + e x) + A i cos(<5>2t + 02) + A3 cos(2(0lt + (pl ) + A 4 cos(2co21 + q>2)
(7.3.10)
Where (pi and q>2 are the phases and A3 and A4 are amplitudes introduced at the 
second harmonic frequencies 2a>i and 2 0 )2  respectively.
For this input signal case, containing four terms as described in equation (7.3.10), the 
total collector current will be
I t = I * h ( x )  + k (x)cos(kcolt + k 0 {)
k=l
'o (P ) + 2l ' t (p) cos(k2a>lt + k(px)
I 0 (x) + 2^  I k (jc) cos (kco2t + k 0 2)
k=l
I 0(q) + 2 £ l t (q) cos(k2co2t + k(p2)
k=l k=l
(7.3.11)
Where we write: p = A3 / V t and q = A4 / V t
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However, only the following terms in the products of the first two brackets and the 
second two brackets will be useful for our further calculation.
I T = I dc {• • • + 2 /0 ( x ) I x (x) c o s ^ r  + 0j) + 210 ( x ) I { (x) cos (co2t + 0 2)
+ 4 I x (x) /2 (x) c o s ^ t  + 0l ) cos(2 co2t + 262) + 41 {(x) /2 (x) cos(2 co{t + 26 l ) cos {co2t + 6 2) + • • • } 
• {/0 ( p ) I 0 (q ) + 210 {q )Ix (p ) cos(2 coxt + 2q>l) + 210 (p ) I x (q) cos(2 co2t + 2p 2) + — }
(7.3.12)
From (7.3.12) we can easily derive the following fundamental and third order IMD 
products:
The IT terms containing the Fundamental Signals after second harmonic injection are:
2 /0 (*)/„ (*) A (*)[A> (p )  cos (©jf + 0X) + I x (p )  cos (coj + <p1- 6 l)] (7.3.13)
And
2 /0 O ) A (*) A (*)[A> (?) cos(tf?2f + 02) + A (^) cos(o)2t + (p2 - 6 2)] (7.3.14)
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The IT terms containing the third order IMD products after second harmonic injection 
are:
2 /0(p )/1(x){/0(#)/2(x)cos[(2tf>2 ~(Dl)t + 262 - 0 l] + Io(x ) I l (q)cos[(2a)2 -c o {)t + (p2
(7.3.15)
2/0(q )Ix(x){/0(p )/2(x)cos[(2©j - d ) 2)t + 201 - 0 2]+ 10(x)/2(p)cos[(2^  - co2)t + <px - 02]}
(7.3.16)
In order that both the IMD components [2cDr Q2 and 2®2-g>i] from before and after 
applying the second harmonic injection technique cancel each other, we arrive at the 
following conditions in an ideal mathematical situation:
From (7.3.15) and (7.3.16), we can obtain the conditions for eliminating or reducing 
the third order IMD products as follows:
(a) (p, = 2  0x ± n  and (p2 = 2 0 2 ± tt (7.3.17)
(b) (7.3.18)
I 2(x) I x{p )  A (q)
Condition (b) means that the amplitudes of the second order harmonics should be 
kept at the same level, i.e., p = q. We should also note that the fundamentals will be 
reduced when the condition (a) holds. An extra condition is needed to keep the 
fundamental power high enough, and that is
(c) 70( p ) » / 1(p) and I 0( q ) » I l (q)
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The phase relationship of the second harmonic signals to the fundamental signals in
this case (equation 7.3.17) is similar to the ones derived for the MESFET amplifier
case [1]. In both cases, they are related by 180 degrees. But the amplitude
expressions are different in the HBT case as the MESFET was modeled as a Taylor
series expansion.
These conditions provide the maximum possible reduction in an ideal mathematical 
situation. When these conditions are not satisfied completely, there will still be some 
improvement in the ratio of the third order IMD products to the fundamental carrier 
signal. Using these ideal conditions for the phase and amplitude of the fundamental 
signals and their corresponding second harmonics, we can derive the following 
formulas.
The original fundamental to the third order IMD product ratio, A 3, before injecting 
the second harmonic signal:
A, = 201og _  2() log A M  dB (7.3.20)
&I 1{x )Il (x )  &I 2(x)
And the corresponding input third order intercept point (IIP3) [9] of this device
IIP3(dBm ) = Pin (in dBm)+ — MB) = P (in dBm) + 1 0 1 o g -^ ^  (7.3.21)
2 I J x )
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The fundamental to the third order IMD product ratio after injecting the second
harmonic to the HBT, A 3(2f).
Assuming the condition (a) in equation (7.3.17) holds, then
A3(2/) =201ogu  ° ' y <w , dB (7.3.22)
The corresponding IIP3  of the HBT after injecting the second harmonic signal is
IIP 32/ = ^ ( in d B m j+ ^ ^ ^ C in d B m j+ lO lo g y - ^ f ^ ^  dBm
2 |/0 ( )^A (/?) — z0 (p)/2 Wl
(7.3.23)
The improvement in reducing the third order IMD products, IM Dimprove is given by the 
difference between equation (7.3.20) and (7.3.22).
/ , ( 4 /n ( p ) - / , ( p )  1 
|/0W /i( p ) - /o(p)^W|
= A3(2/ ) - A3 = 20logu ,2^ V ;  dB (7.3.24)
This equation (7.3.24) for the reduction/suppression of the third order IMD products 
can be plotted for different values of the variables x and p of the modified Bessel 
function. Figure 7.3-1 is such a plot where the Y-axis (scale 15 dB/division)
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represents the third order IMD improvement (IMDimprovg) in dB and the X-axis (scale:
lunit/division) represents the different values of the second harmonic signal's 
amplitude variable p = A3/VT. The IMD3 improvement curve is repeated for 
different values of the amplitude variable x = A^Vx of the fundamental signals. It 
can be seen from the plotted graph in Figure 7.3-1 that different values of rejection of 
the third order IMD products can be achieved for different values of the amplitude 
variables of the fundamental and second harmonic signals.
1000Q
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Figure 7.3-1: Simulated prediction of the improvement (reduction) of the IMD3 
products as functions of the amplitude variables of the fundamental 
(x = Aj/Vx) and second harmonic signals (p = A /V T) after applying 
the second harmonic injection technique to the HBT amplifier.
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Section 7.4: Conclusion
The principle of the second harmonic injection technique for improving the third 
order IMD performance has been described. The mathematical analysis of this 
technique applied to a heterojunction bipolar transistor (HBT) has been performed 
using the exponential relationship between the collector current and base-emitter 
voltage of the transistor. The amplitude and phase relationships between the 
fundamental signals and their corresponding second harmonics are derived for the 
elimination of the third order IMD products. Mathematical expressions have been 
derived for the ratios of the fundamental signals to their third order IMD products 
before and after applying the technique. Also, a simplified equation has been derived 
for predicting the reduction of the third order IMD products by applying the second 
harmonic injection technique.
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Chapter 8
Computer-Aided Simulation of the 
Second Harmonic Injection Technique
Section 8.1: Introduction
This chapter presents the computer-aided simulation results of the second harmonic 
injection technique for improving the third order IMD performance of a non-linear 
amplifier. Section 8.2 briefly describes the different computer aided design (CAD) 
simulation tools and methods used on a HBT power amplifier and a generic non­
linear amplifier to investigate the second harmonic injection technique. The 
limitations of the software packages are also highlighted in this section. Simulated 
performance for the Continuous Wave (CW), Frequency Modulated (FM) and 
Amplitude Modulated (AM) RF input signals are presented in Sections 8.3 through 
8.6. A synopsis of the findings from these different simulation methods is provided 
in the conclusion section.
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Section 8.2: Simulation Tools, Methods & Limitations
Two different simulation tools are used to verify the second harmonic injection 
technique for improving the third order IMD performance of a non-linear amplifier. 
They are a) HP-EESOFs "Libra" Series IV design software [1] and b) "SystemView" 
software from Elanix [2].
HP-EESOFs "Libra" software package is the most common RF/Microwave non­
linear simulation program in the Microwave industry. The Libra simulation software 
has been used to demonstrate the benefit of the second harmonic injection technique 
to the linearization of a single stage, 0.25-Watt HBT Power Amplifier operating at 10 
GHz for a continuous wave (CW) input signal. The large signal simulation 
[Appendix A] was done using the Gummel-Poon HBT model of a 0.25-Watt power 
device from Westinghouse Electric Corporation. This is the same model as described 
in Section 4.4 of Chapter 4.
Simulated performance for this HBT power amplifier using this technique is only 
limited to the CW input signal case since modulating signals (e.g. AM or FM) are not 
available in the “Libra” software package. Another limitation of this software 
package is the inability to simulate this technique for a digitally modulated input 
signal [e.g. Offset Quadrature Phase Shift Key (OQPSK), Quadrature Phase Shift Key 
(QPSK) etc.].
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"SystemView" by Elanix [2], a relatively new system level simulation software 
package, has been used to simulate the performance behavior of a generic non-linear 
amplifier with the second harmonic injection technique. This software program is a 
time domain simulator and works on sampling concepts. The user interface is based 
on schematic blocks. Each block is represented by a "Token". The block 
characteristics are entered in the block entry window. The sampling rate and other 
related parameters are entered in the System Time data entry. The results of the 
simulation are presented in the time domain by the simulator. This CAD package has 
a built in calculator that can be used to convert the results from time domain into the 
frequency domain. Details of the software features are available in the User's manual 
[2].
The "SystemView" CAD package was used to perform system level block diagram 
simulations of the second harmonic injection technique for three different cases of RF 
input signal, namely continuous wave (CW), frequency modulation (FM) and 
amplitude modulation (AM) signals. In each case, two fundamental signals and their 
second harmonics were injected into a nonlinear amplifier. In the CW case, the 
signals are pure sinusoidal with no modulation. In Case 2, the input signals are 
frequency modulated by two modulation signals. In Case 3 the input signals are 
amplitude modulated by two modulating signals. A generic amplifier block in the 
“SystemView” system simulator is used to carry out the simulations. In this software 
package, the non-linearity of a generic amplifier is modeled by its power gain, output 
power at 1 dB gain compression point, second order, third order, and fourth order 
intercept points. Details of these models are given in Appendices B, C and D along 
with other parameters specific to the CW, FM and AM input signal cases.
Page 8-3
Chapter 8 Computer-Aided Simulation o f the Second Harmonic Injection
Technique
This software package does not have any automated optimization features for 
parameter target settings. So for the sake of simplicity and time, the frequencies of 
the signals are chosen to be very low i.e. 15 Hz as each simulation run can easily take 
many days with manual optimization. This way the results can be obtained by a 
small sampling rate while having sufficient resolution. This approach should not 
limit the evaluation of the technique, as the amplifier's non-linear performance model 
is not presented as frequency dependent into the system [Appendix B, C, D]. The 
second harmonic signals of the two fundamental frequencies are generated using two 
additional signal generators, as the “SystemView” system software package does not 
contain a frequency doubler block.
Simulation results from the computer-aided circuit analysis of the second harmonic 
injection technique using the "Libra" and "SystemView" software are presented in the 
following sections.
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Section 8.3: Simulated Performance of a 0.25-Watt HBT Power 
Amplifier using Libra software for CW Input Signals
In this section, the simulated performance of the second harmonic injection technique 
used to improve an HBT power amplifier's third order IMD performance is presented. 
A single stage, 0.25-Watt HBT amplifier matched at 10 GHz was used as a test 
vehicle to simulate the behavior of the second harmonic injection technique using 
HP-EESOF “Libra” (series-IV) simulation package. This 0.25-Watt power HBT unit 
transistor from Westinghouse Electric Corporation has been well characterized and 
modeled for X-Ku Band amplifier designs [3-6]. A simplified circuit schematic of 
the single stage, HBT power amplifier used in the large signal simulation for 
verification of the second harmonic injection technique is shown in Figures 8.3-1.
HBT
320pm: RF OUT
RF IN
cc
VR o-
Figure 8.3-1: Circuit diagram of the single stage, HBT power amplifier used in the 
simulation.
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(Optimum Pout)
Figure 8.3-2: Simplified Block Diagram showing the injection of the fundamental 
signals and their second harmonics to the HBT power amplifier.
The injection of the two-tone fundamental signals and their second harmonics to this 
10 GHz HBT power amplifier for the verification of this technique are shown in a 
simplified block diagram in Figure 8.3-2. The optimum output load impedance of the 
power amplifier for maximum output power is matched to 50 Ohms in the simulation. 
For the inter-modulation (IM) simulation, the two fundamental input signals are 
arbitrarily chosen at frequencies 10 GHz and 10.01 GHz. Details of the “Libra” 
circuit files used in the large signal simulation are given in Appendix A.
The simulated results of the second harmonic injection technique for a 0.25-Watt 
HBT power amplifier are shown in Figures 8.3-3 and 8.3-4. The output power of the 
two fundamental signals and the corresponding third order IMD signals are plotted as 
a function of input power. The left Y-axis (-30 to +30 dBm; scale: 10 dB/division)
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represents the power levels of the two fundamental signals (POUT1 and POUT2). 
The right Y-axis (-120 dBm to + 60 dBm; scale: 30 dB/division) represents the power 
levels of the two third order IM products (2F1F2 and 2F2F1). The left and right 
Y-axis scales, representing the fundamental and the third order intermodulation 
power levels, are related by a factor of 3 since at lower input power levels the third 
order IM products follow a 3:1 slope compared to the fundamental signals. This kind 
of scaling factor between the two Y-axes helps one to visualize the suppression of the 
third order IM products easily [7]. The X-axis (-7 to +23 dBm; scale 2 dB/division) 
represents the input RF power level.
The simulated performance of this HBT power amplifier depicted in Figure 8.3-3 is 
for two-tone CW fundamental input signals only. The output power levels of the two 
fundamentals (POUT1 and POUT2) and their two third order IMD products (2F1F2 
and 2F2F1) are plotted as functions of the input power level. The fundamental 
signals show an output power of 24 dBm at an input power level of 17 dBm i.e. this 
one-stage, 0.25-Watt HBT amplifier has 7 dB power gain at 10 GHz. The curves for 
the third order IMD products follow a perfect parallel to the fundamentals' curve up 
to an input power level of +15 dBm on a 3X scale. It is observed from the simulated 
performance that at +7 dBm input power; the third order IM products have a value of 
-30 dBm. At +13 dBm input power level, the third order products have a value of 
-15 dBm and at -7 dBm input level, the IMD products are at -75 dBm.
The second harmonics (2F1 and 2F2) of the two fundamental signals, FI and F2, are 
then injected into the HBT amplifier's input along with the two fundamental signals. 
The phase and amplitude of the second harmonic signals are selected as variables for
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the simulation optimization. The amplitude and phase of the fundamental signals are 
kept at the same values as used in the simulation for Figure 8.3-3. The values of 
these four variables (two amplitudes and two phases of the second harmonic signals) 
are optimized as a function of the input fundamental power level. At each power 
level and also over a wider range of input power level, these variables are optimized 
to give the best possible reduction in the third order IMD products.
Figure 8.3-4 shows the simulated third order IMD performance of this power 
amplifier as a function of input power levels after the injection of the second 
harmonic signals along with their fundamental signals. In this case, the phase and 
amplitude of the second harmonic signals are optimized to provide optimum 
suppression of the third order IMD products over a wider range of input power levels. 
It is observed from Figure 8.3-4 that at +7 dBm input power level, both third order 
IMD products are reduced by 30 dB (output level at -60 dBm compared to -30 dBm 
in Figure 8.3-3) and their output power levels are same. For +13 dBm input power 
level, the third order IMD products are reduced by 20 dB (Output level at +15 dBm 
compared to -35 dBm in Figure 8.3-3) with slightly different levels of output power.
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□ PDUTL + POUTS *  2F1F2 *  2F2FL
CE320 CE32Q CE320 CEH20
30.00
0.000
- 120. 0-30 .00
7.000-7 .000
Figure 8.3-3: Simulated performance of the CW fundamentals (POUT1 & POUT2) 
and third order IM Products (2F1F2 & 2F2F1) as a function of input 
power level (PWR-dBm) of a single stage, 0.25-Watt HBT power 
amplifier at 10 GHz. (before second harmonic injection)
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One can also notice from Figure 8.3-4 that at lower input power levels there are more 
variations on the output power levels of the two third order IMD products. In 
particular, at -7  dBm input power level, the 2F2F1 third order product is reduced by 
30 dB (output level at -105 dBm compared to -75 dBm in Figure 8.3-3) and the 
2F1F2 third order product is reduced by 45 dB (output level at -120 dBm compared 
to -30 dBm in Figure 8.3-3). The two third order products (2F1F2 and 2F2F1) at this 
input power level have different output power levels and hence different suppression 
levels. Also, it is interesting to note that at -1 dBm input power level, the two third 
order products have exact same output power levels and are reduced by 40 dB with 
the second harmonic injection technique compared to Figure 8.3-3.
The variation in the exact power levels of the two third order products at different 
input power levels are related to non-optimum phase and amplitude optimization of 
the second harmonic signals for that particular input power level. Also it is dependent 
on the HBT power amplifier's large signal model accuracy for second harmonic 
injection.
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Figure 8.3-4: Simulated performance of the CW fundamentals (POUT1 & POUT2) 
and third order IM Products (2F1F2 & 2F2F1) as a function of input 
power level (PWR-dBm) of a single stage, 0.25-Watt HBT power 
amplifier at 10 GHz. (after second harmonic injection)
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Comparing the simulated results of Figures 8.2-3 and 8.2-4, it is evident that there is 
no change in the fundamental signal power levels but there is substantial reduction in 
third order IMD products after applying the second harmonic injection technique to 
this 10 GHz, 0.25-Watt HBT power amplifier. CAD simulation also revealed that 
this technique can be employed at all power levels and even at 1 dB gain compression 
point. However, the required phase and amplitude of the injected second harmonic 
signals for optimum third order IMD rejection needs to be readjusted in each case. 
Figures 8.3-3 and 8.3-4 also suggest that for the technique to be used over the entire 
dynamic range of the input power level, some sort of active control loop on the phase 
and amplitude of the second harmonic signals would be required.
Some of the simulated performance differences observed in the third order IM 
products in Figure 8.3-4 after applying the second harmonic injection technique are 
due to:
• Optimum phase and amplitude of the injected second harmonic signals as a 
function of input RF drive level.
• HBT's large signal model performance accuracy with the second harmonic 
injection.
• Circuit bandwidth of the input-matching network of the HBT power amplifier.
The second harmonic injection technique can also be applied to a power amplifier 
having a certain bandwidth. This has been demonstrated experimentally for the first 
time with an HBT power amplifier in Chapter 9.
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Section 8.4: Simulated Performance of a generic Non-linear 
Amplifier using ’’SystemView” Software for CW 
Input Signals
This section presents the simulated performance of the second harmonic injection 
method to improve the third-order IMD products of a generic amplifier block using 
"SystemView" software package by Elanix. In this simulation, both the fundamentals 
and their second harmonics are CW signals. Figure 8.4-1 depicts the “SystemView” 
system simulator's user interface. Tokens 0 and 1 represent the two fundamental 
signal generators. Two additional signal generators represented by Tokens 5 and 6 
produce the second harmonic of the fundamental signals. The output of these four 
signal generators are summed in a Summer (Token 2) and then applied to the 
nonlinear amplifier (Token 4) and the results are displayed on Token 3.
First the system was simulated without the second harmonic signal generators. The 
results are shown in Figure 8.4-2. The X-axis (scale: 0.5 Hz/division) represents the 
frequency of simulation in Hz and the Y-axis (scale: 20 dBm/division) represents the 
power level of the output spectrum in dBm. The absolute value of the power levels of 
the two fundamental signals and their two third order IMD products are not important 
as we are interested in the relative improvements of the third order IMD products 
after applying the second harmonic injection technique to a non-linear amplifier. The 
two-tone fundamental signals operating at 15 Hz and 16 Hz frequencies have 
approximately 24 dBm power levels and the two third order IMD products at 14 Hz 
and 17 Hz frequencies are approximately at 10 dBm power levels.
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Then the simulation was performed with the addition of the second harmonic signal 
generators along with the fundamental signal sources. The amplitudes and phases of 
the second harmonics were manually adjusted. After every adjustment, the simulated 
system response was evaluated. As mentioned earlier, the software package does not 
have optimization tools; hence the manual trial and error technique was used instead. 
After many manual trials, the approximate optimum values for amplitudes and phases 
of the second harmonic signals were found. These values along with other system 
parameters for the CW input signal cases are compiled in Appendix B.
The results of the system simulation using these manually optimized values are 
shown in Figure 8.4-3. It can be seen that the two third order IMD products at 14 Hz 
and 17 Hz frequencies are not visible in the output spectrum. And the two 
fundamental signals at 15 Hz and 16 HZ are degraded slightly (~ 3 dB) from their 
original (i.e. before injecting the second harmonic signals to the non-linear amplifier) 
output power levels. This slight degradation is probably due to the Fast Fourier 
Transform (FFT) issue related to sampled waveform and the lack of most optimum 
phase and amplitude values of the injected second harmonic signals due to the 
limitations of automated optimization feature.
However, the simulated results in Figure 8.4-3 demonstrate that the second harmonic 
injection technique is capable of eliminating the third order IMD products without 
affecting significantly the fundamental signal levels of a non-linear amplifier.
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Figure 8.4-1: System View Simulator's User Interface for CW input signal. Tokens 
0 and 1 represent the two fundamental signals and Tokens 5 and 6 are 
the second harmonics of the two fundamentals.
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Results of CW  case before applying the technique
Frequency
System V iew
Figure 8.4-2: Simulated performance of a generic non-linear amplifier before 
second harmonic injection for CW input signals. The two 
fundamental signals are at 15 Hz and 16 Hz respectively. The two 
third order IMD products are at 14 Hz and 17 Hz respectively.
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Figure 8.4-3: Simulated performance of a generic non-linear amplifier after second 
harmonic injection for CW input signals. The two fundamental 
signals are at 15 Hz and 16 Hz respectively. The two third order 
IMD products were at 14 Hz and 17 Hz respectively.
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Section 8.5: Simulated performance of a generic Non-linear 
Amplifier using ” SystemView” Software for FM 
Input Signals
In this case, a similar simulation test bench arrangement like the one used in the CW 
case was employed. But each fundamental signal and their second harmonic are 
frequency modulated i.e. they are FM signals as shown in Figure 8.5-1. The system 
parameters for the FM input signal simulation cases are compiled in Appendix C. 
The amplifier block is again modeled by its second, third, and fourth orders intercept 
points as well as its power gain and output power at 1 dB gain compression point. 
Each of the second harmonic signal generator parameters were set to make its output 
resemble to a signal coming from a frequency doubler in the output path of a 
fundamental signal generator output.
The simulation results before and after applying the second harmonic injection 
technique are depicted in Figures 8.5-2 and 8.5-3 respectively. Also in this FM 
signal case, the relative levels of improvements of the third order IM products are of 
interest, not the absolute values. The X-axis (scale: 0.5 Hz/division) represents the 
frequency of simulation in Hz and the Y-axis (scale: 20 dBm/division) represents the 
power level of the output spectrum in dBm. In Figure 8.5-2, the frequency 
modulated fundamental signals at 15 Hz and 16 Hz exhibit output power levels of 
approximately 22 dBm and the two third order IMD products (at 17 Hz and 14 Hz) 
show output power levels of approximately 10 dBm. The simulated performance in 
Figure 8.5-3 was obtained after optimising the phase and amplitude variables for the
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injected second harmonic signals through tedious manual trial and error method. 
Comparison of Figures 8.5-2 and 8.5-3 also reveals that the third order IMD products 
can be eliminated with the injection of the second harmonic signals even when the 
input signals (fundamentals and second harmonics) are frequency modulated. These 
figures also show that the output power levels of the fundamental signals after 
injecting the second harmonics are slightly degraded from their original values. 
Again, this slight degradation is probably due to the lack of the most optimum 
amplitude and phase values of the injected second harmonic signals as the simulation 
involved manual trial and error optimization and also possible FFT issue related to 
sampled waveform.
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Figure 8.5-1: “SystemView” Simulator's User Interface for FM signal input. Tokens 
0 and 1 represent the two fundamental signals and Tokens 5 and 6 are 
the second harmonics of the two fundamentals. FM operation is 
represented by Tokens 7, 8, 9 and 10.
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Figure 8.5-2: Simulated performance of a generic non-linear amplifier before 
second harmonic injection for FM input signals. The two
fundamental signals are at 15 Hz and 16 Hz respectively. The two 
third order IMD products are at 14 Hz and 17 Hz respectively.
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Results of FM case after applying the technique
Frequency
Figure 8.5-3: Simulated performance of a generic non-linear amplifier after second 
harmonic injection for FM input signals. The two fundamental 
signals are at 15 Hz and 16 Hz respectively. The two third order 
IMD products were at 14 Hz and 17 Hz respectively.
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Section 8.6: Simulated performance of a generic Non-linear 
Amplifier using ’’SystemView" Software for AM 
Input Signals
This section presents the simulated performance of the second harmonic injection 
technique to a non-linear amplifier using the System View software for AM 
(Amplitude Modulation) input signals. In this case the fundamental signals and their 
second harmonics are amplitude modulated
The system diagram of the simulator's user interface is depicted in Figure 8.6-1. As 
the figure shows, there are two amplitude modulating signal generators (Tokens 4 and 
7) for the fundamental signals. There are also two amplitude modulated signal 
generators where their signals are having frequencies equal to twice of the 
fundamental signal frequencies (Tokens 5 and 6). The output of the four signal 
generators are added to each other (Token 10 depicted as a Summer) and applied to 
the nonlinear amplifier (Token 1). The amplifier is modeled similar to the previous 
cases. The results are displayed on Token 0. Tokens 2 and 9 represent the two 
fundamental signals and the second harmonics of the fundamentals are denoted by 
Tokens 3 and 8. All system parameters for the AM input signal cases are compiled in 
Appendix D.
The simulated performance of the system before applying the technique is shown in 
Figure 8.6-2. Frequency is represented by the X-axis (Scale: 0.5 Hz/division) and 
the power level is shown on the Y-axis (Scale: 20 dBm/division). The output level of
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the two-tone third order IM products (at 14 Hz and 17 Hz) is approximately at 10 
dBm. The simulated performance of this amplifier after optimizing manually the 
phase and amplitude of the injected second harmonic signals are shown in Figure 8.6-
3. Comparison of Figures 8.6-2 and 8.6-3 reveals that the injection of the AM 
modulated second harmonics of the fundamental signals can also eliminate the third- 
order IMD products in a non-linear amplifier. In this AM input signal case, the 
output power levels of the fundamental signals after injecting the second harmonics 
are slightly degraded. Again, this slight degradation is probably due to the lack of the 
most optimum amplitude and phase values of the injected second harmonic signals as 
the simulation involved manual trial and error optimization and also possible FFT 
issue related to sampled waveform.
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Figure 8.6-1: “SystemView” Simulator's User Interface for AM signal input.
Tokens 3 and 8 represent the two fundamental signals and Tokens 2 
and 9 are the second harmonics of the two fundamentals. Tokens 4, 5, 
6 and 7, represent AM operation.
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Figure 8.6-2: Simulated performance of a generic non-linear amplifier before 
second harmonic injection for AM input signals. The two
fundamental signals are at 15 Hz and 16 Hz respectively. The two 
third order IMD products are at 14 Hz and 17 Hz respectively.
Page 8-26
C h a p ter  8 C o m p u ter-A id ed  S im u la tio n  o f  the S ec o n d  H a rm o n ic  In jec tion
T echn ique
a p p y m g  Lhe t e c h n iq u e
Figure 8.6-3: Simulated performance of a generic non-linear amplifier after second 
harmonic injection for AM input signals. The two fundamental 
signals are at 15 Hz and 16 Hz respectively. The two third order 
IMD products were at 14 Hz and 17 Hz respectively.
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Section 8.7: Conclusions
Two different software packages were used to evaluate the second harmonic injection 
method for improving the third order IMD products of a HBT power amplifier and a 
generic non-linear amplifier. Simulation results for a 0.25-Watt HBT power 
amplifier (designed for 10 GHz operation) using ’’Libra” software package for CW 
input signals revealed 30 dB rejection of the third order IMD products at a 7 dBm 
input power level after injecting the second harmonic signals along with the 
fundamental signals to the amplifier. The simulated performance for the CW, FM 
and AM input signal cases of this technique for a generic non-linear amplifier using 
the "SystemView” software package by Elanix also demonstrated that it is possible to 
reduce/eliminate the third order IMD products of a non-linear amplifier without 
affecting (constrained by the limitations of the software packages and the non-linear 
model of the amplifier) the fundamental signal levels significantly. This was 
accomplished at a low frequency of 15 Hz to verify the usefulness of the technique in 
a short period of time due to software limitations. Simulation showed approximately 
20 dB reduction in the third order IMD products for the FM and AM input signal 
cases.
Two different CAD software packages having the non-linearity of an amplifier 
expressed in two different formats helped to ensure successful verification of the 
second harmonic injection technique for improving the third order IMD performance.
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It was found through limited simulation that the second harmonic injection technique 
is not only limited to the CW case but it can also be applied to frequency (FM) and 
amplitude (AM) modulated input signals. The FM and AM input signal cases show 
that a small modulation in phase and amplitude does not prevent third order IMD 
improvement using the second harmonic injection technique. It was also seen that 
the principle of the second harmonic injection technique to augment the third order 
IMD performance of a non-linear amplifier is independent of the frequency of 
operation of the amplifier.
Attempt was made to use a digitally modulated input signal to verify the technique. 
However, due to immaturity of the large-signal simulation software, the application 
was not successful. Therefore, it was decided to verify the technique experimentally. 
Practical measured results are presented in Section 9.6 of Chapter 9.
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Experimental Verification of the Second Harmonic Injection 
Technique with a HBT Power Amplifier
Section 9.1: Introduction
This chapter describes the experimental methods used to investigate the third order 
IMD performance improvement of an 800 MHz, 28 dBm HBT power amplifier using 
the second harmonic injection technique. Section 9.2 provides a brief description of 
the commercially available 28 dBm HBT power amplifier used in this experiment. 
The amplifier is designed to operate over the Cellular mobile transmit frequency band 
of 824 -  849 MHz. Experimental methods and results of the HBT power amplifier 
using the second harmonic injection technique with CW, FM and AM modulated 
input RF signals are described in Sections 9.3 through 9.5. Section 9.6 briefly 
describes the CDMA (Code Division Multiple Access) standard specific digital 
modulation used as an input RF signal to the HBT power amplifier and explains the 
measurement method and results. A synopsis of the results obtained from these 
different experimental methods is provided in Section 9.7.
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Section 9.2: Brief Description of the HBT Power Amplifier
This section provides a brief description of the commercial HBT power amplifier used 
for the verification of the third order IMD performance improvement using the second 
harmonic injection technique.
A linear 28 dBm, GaAs HBT power amplifier operating over 824 MHz to 849 MHz, 
designed for the cellular CDMA (Code Division Multiple Access) standard based 
digital mobile phone application [1] was used in this experiment. This MMIC 
(Monolithic Microwave Integrated Circuits) power amplifier operates from a 3-Volt 
battery supply, exhibits 31 dB of large signal gain, and has a minimum of 42 dBc of 
ACPR (Adjacent Channel Power Ratio) at 28 dBm output power with 38% PAE. 
This two-stage power amplifier has all the input and inter-stage matching networks 
and active base bias and temperature compensation circuits included in the IC 
(Figure 9.2-1). The power amplifier is packaged in a SOIC-16 plastic package. 
Also, shown in Figure 9.2-2 is the actual wire bonding of the HBT power amplifier 
inside the plastic package. The output-matching network of the power amplifier is 
realized off-chip outside the package on the printed circuit board (PCB). A 
photograph of the printed circuit test board for the packaged power amplifier is shown 
in Figure 9.2-3 indicating the external output matching circuit. This HBT power 
amplifier uses a Class AB type bias where the collector current increases with the RF 
input drive level and the quiescent current at -20 dBm input power level is low (100 
mA) compared to the full power current. Five of these commercially available power
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amplifiers have been characterized and their output power, power gain and PAE
performance are shown in Figures 9.2-4 and 9.2-5.
VccVcc
Input
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(IMN)
Output 
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(OMN) ~
Interstage
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Active Bias/Temp 
Comp Circuit
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Figure 9.2-1: Simplified circuit block diagram of the two-stage, 800 MHz GaAs HBT 
Power Amplifier. The matching network at the output of the power 
amplifier is realised outside the MMIC.
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Figure 9.2-2: Photograph of the assembled GaAs HBT Power Amplifier inside the 
plastic package. Bonding wires from the IC are connected to the pins 
of the package.
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HBT Power Output matching
Amplifier in a circuit on the PCB
plastic package
Figure 9.2-3: Photograph of the test board of the plastic packaged 28 dBm, GaAs 
HBT Power Amplifier for the 800 MHz cellular CDMA Handset 
applications.
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The power gain of this HBT power amplifier as a function of output power is shown 
in Figure 9.2-4. The X-axis (scale: 5 dBm/division) represents the output power of 
the amplifier in dBm and the Y-axis (scale: 1 dB/division) denotes the power gain of 
the amplifier in dB. It is seen from the measured performance that this amplifier has 
31 dB power gain at 28 dBm output power. Figure 9.2-5 shows the measured PAE 
performance of the HBT power amplifier as function of output power. The output 
power of the amplifier is plotted on the X-axis (scale: 5dB/division) in dBm and the 
Y-axis (scale: 5%/di vision) represents the power-added efficiency of the power 
amplifier in percentage. These HBT power amplifiers operating from a 3 Volt supply, 
exhibit 35% to 40% PAE at 28 dBm linear output power with the digitally modulated 
OQPSK (offset quadrature phase shift key) input signal as required by the CDMA 
handset application. This HBT power amplifier has measured second and third 
harmonic suppression levels of -35 dBc and -40 dBc respectively.
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Figure 9.2-4: Measured power gain as a function of output power for five GaAs HBT 
power amplifiers showing 31 dB large signal gain.
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Figure 9.2-5: Measured PAE as a function of output power for five GaAs HBT power 
amplifiers showing >36% PAE at full linear output power.
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Section 9.3: Experimental Results with CW Input Signals
To investigate the feasibility of the third order IMD performance improvement of this 
28 dBm HBT power amplifier using the second harmonic injection technique, four 
distinct RF input signals are used in four separate experiments. These experiments 
are denoted by the characteristics of the input RF signal. These experiments are:
• Continuous Wave (CW) RF input signal case
• Frequency Modulated (FM) RF input signal case
• Amplitude Modulated (AM) RF input signal case
• Digitally Modulated (specific to CDMA Application) RF input signal case
This section describes the experimental set-up and the measured performance of this 
HBT power amplifier for the CW input signal case. In the following sections, detailed 
descriptions of the experimental methods and measured results before and after 
applying the second harmonic injection technique are provided for FM, AM and 
digitally modulated (e.g. OQPSK) input RF signals.
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A standard experimental method for the CW two-tone test [2] was carried out first to 
establish the third order IMD levels of the HBT power amplifier before applying the 
second harmonic injection technique. Then the set-up was modified for the second 
harmonic injection test as shown in Figure 9.3-1. Please note that isolators and 
attenuator pads actually used in the experimental set-up to ensure good match are not 
shown in the block diagram. The coloured portion in the block diagram of Figure
9.3-1 represents the additions/modifications of the measurement set-up for the second 
harmonic injection case. The non-coloured portion is the one used to carry out the 
basic two-tone IMD test of the HBT power amplifier. RF signal generators 1 and 2 
provide the two CW fundamental signals. The two fundamental signal frequencies for 
this experiment were chosen as 835 and 836 MHz. Amplitude and phase control of 
the fundamental signals are not shown in the figure. The output of each signal 
generator was divided into two parts by a passive splitter. One output of each splitter 
(or hybrid) was fed to a frequency doubler to produce the required second harmonic 
signal. The other outputs of each of the splitters provided the fundamental signals. 
The second harmonic from each frequency doubler was fed to a variable amplitude 
adjuster (variable attenuator) and a variable phase changer i.e. a line stretcher. Then 
all the fundamental and second harmonic signals were combined and fed to the HBT 
power amplifier. The power amplifier was then biased up to its quiescent current 
value and the 2 RF input signal levels were adjusted to ensure proper drive to the PA. 
In this case, the output power of the power amplifier was set at 28 dBm level, 
measured by a power meter. A spectrum analyser connected at the output of the 
power amplifier monitored the fundamental signal level and the levels of the third 
order inter-modulation distortion from the amplifier. An isolator was used at the
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output of the power amplifier and the attenuation levels at the input of the spectrum 
analyser were also adjusted so that the input power level does not exceed the ratings 
of the instrument.
cw
Signal
Generator
Frequency Am plitude 
□oubler A djust
P h ase
A djust
HBT
PA
Spectrum
A n alyzerCW
Signal
Generator
Frequency Amplitude P h ase
Doubler A djust Adjust
Figure 9.3-1: Simplified Block Diagram of the experimental set-up for the two-tone 
CW RF input signals (the coloured portion represents the set-up after 
applying the technique).
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The measured results of this experiment with the two-tone CW input signals at
28dBm output power from the HBT amplifier are plotted in Figures 9.3-2 and 9.3-3
[3]. Figure 9.3-2 is a plot from the spectrum analyser display showing the output of
the HBT power amplifier prior to the application of the second harmonic injection
technique. In this figure, the two fundamental signals are at 835 MHz and 836 MHz
and the third order inter-modulation products are at 834 MHz and 837 MHz. The
centre frequency of the spectrum analyser plot is at 835.5 MHz and the reference
power level at the top of this plot is at 0 dBm with a 10 dB/division scale. The output
power levels of the two fundamental signals are at -7  dBm. This power level
includes the losses of the isolator and attenuation settings used in the set-up to
improve match, minimize reflection and accommodate appropriate input levels to the
spectrum analyser. The two third order IMD products (2fl-f2) and (2f2-fl) are
approximately at -33 dBm level.
After injecting the second harmonics of the two fundamental signals along with the 
fundamental signals, and adjusting the amplitude and phase values of the injected 
second harmonics, a reduction in the third order IMD products was achieved. Figure
9.3-3 shows the corresponding outputs with the second harmonic signals injected and 
adjusted to minimize the inter-modulation distortion of the power amplifier. From the 
spectrum analyser plot of Figure 9.3-3, it can be seen that the third order products 
have practically disappeared from the spectrum and only the fundamental signals are 
present at 835 MHz and 836 MHz respectively. The marker at 837 MHz shows the 
output power level for one of the two third order IMD products to be at -79 dBm. 
Comparison of the Figures 9.3-2 and 9.3-3 shows that the third order IMD products 
have been attenuated by 46 dB and almost to the noise floor level of the spectrum
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analyser. It is important to note that the output power levels of the two fundamental 
signals remained at the same level of -7  dBm as it was in Figure 9.3-2 even after 
applying the second harmonic injection technique.
Investigation of this technique was also extended for the lower output power levels 
from the HBT power amplifier. The power levels of the two-tone input CW signals to 
the HBT power amplifier were adjusted to produce an output power of 15 dBm from 
the amplifier. At this output power level setting, the experiment was repeated for both 
cases: before and after applying the second harmonic injection technique. In the case 
of the injection of the second harmonics, the amplitude and phase of the second 
harmonic signals were re-optimised to obtain maximum reduction of the third order 
IMD products. Figure 9.3-4 shows the output spectrum of the HBT power amplifier 
before applying the technique. The power levels of the two fundamental signals and 
the two third order IMD products are at -10 dBm and -47.1 dBm respectively. The 
output spectrum from the power amplifier after applying the second harmonic 
injection technique is shown in Figure 9.3-5. The output power levels of the two third 
order IMD products at 834 MHz and 837 MHz are at -75.8 dBm. Also, in this case 
it is important to note that the two fundamental signals stayed at their original -10 
dBm power levels. Comparing the spectrum analyser plots of Figures 9.3-4 and 9.3- 
5, it is evident that the third order IMD products are reduced by 29 dB after applying 
the second harmonic injection technique even at 15 dBm output power level from the 
HBT power amplifier. These are very significant improvements in the third order 
IMD products compared to the MESFET amplifier case [4], which achieved a 16 dB 
improvement at relatively lower (i.e. 0 dBm) output power at 500 MHz.
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Figure 9.3-2: Output Spectrum of the HBT PA at 28 dBm output power for the 
two-tone CW input signals (before applying the technique).
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Figure 9.3-3: Output Spectrum of the HBT PA at 28 dBm output power for the 
two-tone CW input signals (after applying the technique).
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Figure 9.3-4: Output Spectrum of the HBT PA at 15 dBm output power for the 
two-tone CW input signals (before applying the technique).
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Figure 9.3-5: Output Spectrum of the HBT PA at 15 dBm output power for the 
two-tone CW input signals (after applying the technique).
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Further experiment was carried out with the two-tone CW input signals to investigate 
the frequency sensitivity of the second harmonic injection technique. The amplitude 
and phase of the injected second harmonic signals were adjusted for maximum 
allowable reduction of the third order IMD products of the HBT amplifier operating at 
15 dBm output power for the two-tone RF input frequencies swept over the 824 to 
849 MHz frequency band while maintaining 1 MHz difference between the two input 
carrier signals. Figure 9.3-6 shows the results of this investigation. The X-axis 
(scale: 2 MHz/division) represents the RF frequency of operation and the Y-axis 
(scale: 10 dB/division) denotes the output power levels of the fundamental signals and 
their corresponding third order IMD products. The fundamental signals and their 
corresponding third order IMD products have been plotted for both cases i.e. before 
and after applying the second harmonic injection technique to the HBT power 
amplifier. These are denoted by "(Before)" and "(After)" in the legend of the graph.
From 825 MHz up to 839 MHz, a reduction of the third order IMD products after 
applying the second harmonic signals is observed. Better than 10 dB reduction is 
noted over the frequency band 829 MHz to 837 MHz, with the maximum reduction 
of 25 dB occurring at 835 MHz. Beyond 837 MHz, the third order IMD products 
actually start to degrade after injecting the second harmonic signals in to the HBT 
amplifier. This implies that the amplitude and phase values of the two second 
harmonic signals need to be re-optimised and an adaptive phase and amplitude 
controller may be needed to get better suppression of the third order IMD products for 
the wider frequency range. However, the fundamental signals have remained almost 
unchanged after applying the technique as seen in Figure 9.3-6.
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In summary, successful practical demonstration of the second harmonic injection
technique to improve the third order IMD performance of an HBT power amplifier
has been accomplished at different output power levels and also at different RF
frequencies using the two-tone CW input signals.
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Figure 9.3-6: Performance of the HBT PA over a broad RF frequency range for the 
two-tone CW input signals (before and after applying the second 
harmonic injection technique).
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Section 9.4: Experimental Results with FM Input Signals
This section describes the measured performance of the third order IMD 
improvements of a HBT power amplifier using the second harmonic injection 
technique for frequency modulated (FM) two-tone input signals.
Figure 9.4-1 represents the simplified block diagram of the experimental set-up. The 
set-up is identical to the two-tone CW signal case. The only difference being the two 
fundamental input signals, fl and f2 are frequency modulated. This is highlighted in 
the block diagram. The frequency deviation of the FM signal was 8 KHz.
Similar experiments like the CW input signal case were carried out with the HBT 
power amplifier. The measured results of this experiment with the two-tone FM input 
signal at 28 dBm power output from the HBT amplifier are plotted in Figures 9.4-2 
and 9.4-3. Figure 9.4-2 is a plot from the spectrum analyser display showing the 
output of the HBT power amplifier prior to the application of the second harmonic 
injection technique. In this figure, the two fundamental signals are at 835 MHz and 
836 MHz and the third order inter-modulation products are at 834 MHz and 837 
MHz. The centre frequency of the spectrum analyser plot is at 835.5 MHz and the 
reference power level at the top of this plot is at 0 dBm with a 10 dB/division scale. 
The output power levels of the two fundamental signals are at -7  dBm. This power 
level includes the losses of the isolator and attenuation settings used in the set-up to 
improve match, minimize reflection and accommodate appropriate input levels to the
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spectrum analyser. The two third order IMD products (2fr f2) and (2f2-fi) are
approximately at -  40 dBm level.
After injecting the second harmonics of the two fundamental signals along with the 
fundamental signals, and adjusting the amplitude and phase values of the injected 
second harmonics, a reduction in the third order IMD products was achieved. Figure
9.4-3 shows the corresponding outputs with the second harmonic signals injected and 
adjusted to minimize the inter-modulation distortion of the power amplifier. From the 
spectrum analyser plot of Figure 9.4-3, it can be seen that the third order products 
have reduced significantly almost down to the noise floor of the spectrum analyser 
and only the fundamental signals are present at 835 MHz and 836 MHz respectively. 
Comparison of the Figures 9.4-2 and 9.4-3 shows that the third order IMD products 
have been attenuated by 36 dB. It is important to note that the output power levels of 
the two fundamental signals remained almost at the same level of -7  dBm (± 0.4 
dBm) as it was in Figure 9.4-2 even after applying the second harmonic injection 
technique.
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Figure 9.4-1: Simplified Block Diagram of the experimental set-up for the two-tone 
FM RF input signals (the coloured portion represents the set-up after 
applying the technique).
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Figure 9.4-2: Output Spectrum of the 28 dBm, HBT amplifier for the two-tone FM 
modulated RF input signals (before applying the second harmonic 
injection technique).
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Figure 9.4-3: Output Spectrum of the 28 dBm, HBT amplifier for the two-tone FM 
modulated RF input signals after applying the second harmonic 
injection technique_showing the reduction of the third order IMD 
products.
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Further experiment was carried out with the two-tone FM input signals to investigate
the frequency sensitivity of the second harmonic injection technique. The amplitude
and phase of the injected second harmonic signals were adjusted for maximum
reduction of the third order IMD products of the HBT amplifier operating at 15 dBm
output power for the two-tone RF input frequencies at 835 and 836 MHz. Keeping
the amplitude adjuster and the physical length of the phase shifter (line stretcher) at
the same values, the input carrier frequencies were swept from 824 to 849 MHz while
maintaining 1 MHz difference between the two input carrier signals. Figure 9.4-5
shows the results of this investigation. The X-axis (scale: 2 MHz/division) represents
the RF frequency of operation and the Y-axis (scale: 10 dB/division) denotes the
output power levels of the fundamental signals and their corresponding third order
IMD products for both cases: before and after applying the second harmonic injection
technique to the HBT power amplifier. These are denoted by "(Before)" and "(After)"
in the legend of the graph.
From 827 MHz up to 839 MHz, a reduction of the third order IMD products after 
applying the second harmonic signals is observed. Better than 10 dB reduction is 
noted over the frequency band 831 MHz to 837 MHz, with the maximum reduction 
of 25 dB occurring at 835 MHz for the 2F1-F2 product and 22 dB for the 2F2-F1 
product. Beyond 837 MHz, the third order IMD products actually start to degrade 
after injecting the second harmonic signals in to the HBT amplifier. Please note that 
in this two-tone AM signal case, the fundamental signals do vary by more than ± 2 
dB after injecting the second harmonic signal. This implies that the amplitude and 
phase values of the two second harmonic signals need to be re-optimised and an 
adaptive phase and amplitude controller may be needed to get better suppression of
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the third order IMD products for the wider frequency range. Also, the performance 
under FM modulated input of the frequency doubler used in the experiment is not 
known, which can influence the measurement. Please note that the fundamental 
signals have remained almost unchanged (within 1 dB) after applying the technique.
In summary, successful practical demonstration of the second harmonic injection 
technique to improve the third order IMD performance of an HBT power amplifier 
has been accomplished at different output power levels and also at different RF 
frequencies using the two-tone FM input signals.
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Figure 9.4-4: Performance of the HBT PA over a broad RF frequency range for the 
two-tone FM input signals (before and after applying the second 
harmonic injection technique).
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Section 9.5: Experimental Results with AM Input Signals
This section depicts the measured reduction of the third order IMD products for an 
HBT power amplifier using the second harmonic injection technique for amplitude 
modulated (AM) input RF signals.
Figure 9.5-1 represents the simplified block diagram of the experimental set-up. The 
set-up is identical to the CW signal case. The only difference being the two 
fundamental input signals, f l and f2 are amplitude modulated. This is highlighted in 
the block diagram. The AM modulation was 0.33.
Similar experiments like the CW input signal case were carried out with the HBT 
power amplifier. Figure 9.5-1 depicts the measured performance of the HBT power 
amplifier operating at 28 dBm output power before applying the second harmonic 
technique. The measured results of this experiment for the two-tone AM input signal 
case at 28 dBm power output from the HBT amplifier is plotted in Figures 9.5-2 and
9.5-3. Figure 9.5-2 is a plot of the spectrum analyser display showing the output of 
the HBT power amplifier prior to the application of the second harmonic injection 
technique. In this figure, the two fundamental signals are at 835 MHz and 836 MHz 
and the third order inter-modulation products are at 834 MHz and 837 MHz. The 
centre frequency of the spectrum analyser plot is at 835.5 MHz and the reference 
power level at the top of this plot is at 0 dBm with a 10 dB/division scale. The output 
power levels of the two fundamental signals are at -6  dBm. This power level
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includes the losses of the isolator and attenuation pads used in the set-up to improve
match, minimize reflection and accommodate appropriate input levels to the spectrum
analyser. The two third order IMD products (2fl-f2) and (2f2-fl) are approximately
a t -31 dBm level.
After injecting the second harmonics of the two fundamental signals along with the 
fundamental signals, and adjusting the amplitude and phase values of the injected 
second harmonics a reduction in the third order IMD products was achieved. Figure
9.5-3 shows the corresponding outputs with the second harmonic signals injected and 
adjusted to minimize the inter-modulation distortion of the power amplifier. From the 
spectrum analyser plot of Figure 9.5-3, it can be seen that the third order products 
have reduced from their original power levels and the fundamental signals stayed at 
their original power levels. The output power levels for the two third order IMD 
products are now at -45 dBm level with about 1 dB imbalance. Comparison of 
Figures 9.5-2 and 9.5-3 shows that the third order IMD products have been attenuated 
by 14-15 dB . The amount of reduction of the third order IMD products is not as 
impressive as the CW or FM signal cases but it is still a respectable number. It seems 
that the amount of the reduction of the IMD products is more sensitive to amplitude 
variation than the FM case. It is important to note that the output power levels of the 
two fundamental signals remained approximately at the same level (within ± 0.9 
dBm) of the original -6 dBm as it was in Figure 9.5-2 even after applying the second 
harmonic injection technique.
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This figure shows that although the IMD levels are masked by variation in the 
amplitude of the AM modulated signal, still considerable improvement (i.e. 14-15 dB) 
in IMD levels is attainable by injecting the second harmonic signals.
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Figure 9.5-1: Simplified Block Diagram of the experimental set-up for the two-tone 
AM RF input signals (the coloured portion represents the set-up after 
applying the technique).
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Figure 9.5-2: Output Spectrum of the 28 dBm, HBT Power amplifier for the 
two-tone AM input signals (before applying the technique).
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Figure 9.5-3: Output Spectrum of the 28 dBm, HBT Power amplifier for the 
two-tone AM input signals (after applying the technique).
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Further experiment was carried out with the two-tone AM input signals to investigate
the frequency sensitivity of the second harmonic injection technique. The amplitude
and phase of the injected second harmonic signals were adjusted for maximum
reduction of the third order IMD products of the HBT amplifier operating at 15 dBm
output power for the two-tone RF input frequencies at 835 and 836 MHz. Keeping
the amplitude adjuster and the physical length of the phase shifter (line stretcher) at
the same values, the input carrier frequencies were swept from 824 to 849 MHz while
maintaining 1 MHz difference between the two input carrier signals. Figure 9.5-4
shows the results of this investigation. The X-axis (scale: 2 MHz/division) represents
the RF frequency of operation and the Y-axis (scale: 10 dB/division) denotes the
output power levels of the fundamental signals and their corresponding third order
IMD products for both cases: before and after applying the second harmonic injection
technique to the HBT power amplifier. These are denoted by "(Before)" and
"(After)" in the legend of the graph.
From 829 MHz up to 837 MHz, a reduction of the third order IMD products after 
applying the second harmonic signals is observed. Better than 10 dB reduction is 
noted over the frequency band 833 MHz to 837 MHz, with the maximum reduction 
of 12 dB occurring at 835 MHz for the 2F1-F2 product and 14 dB for the 2F2-F1 
product. Beyond 837 MHz, the third order IMD products actually start to degrade 
after injecting the second harmonic signals in to the HBT amplifier. Also the power 
levels of the two third order products start to exhibit wider variation (4 dB). This 
implies that the amplitude modulation off the two-tone input signals is more sensitive 
to the amount of reduction of the third-order IMD products. Also note that the 
performance behaviour of the frequency doubler used in the experiment is not known.
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This may have some effect on the overall performance. The amplitude and phase
values of the two second harmonic signals need to be re-optimised and an adaptive
phase and amplitude controller may be needed to get better suppression of the third
order IMD products for the wider frequency range.
In summary, successful practical demonstration of the second harmonic injection 
technique to improve the third order IMD performance of an HBT power amplifier 
has been accomplished at different output power levels and also at different RF 
frequencies using the two-tone AM input signals.
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Figure 9.5-4: Performance of the HBT PA over a broad RF frequency range for the 
two-tone AM input signals (before and after applying the second 
harmonic injection technique).
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Section 9.6: Experimental Results with Digitally Modulated 
(OQPSK) Input Signals
The proposed technique was also experimented with a digitally modulated OQPSK 
(Offset Quadrature Phase Shift Keyed) signal used in CDMA digital technology [5-8] 
based handset applications. This section introduces the OQPSK signal for CDMA 
digital mobile transmitter systems, describes the experimental set-up [9] used and the 
measured results achieved.
For CDMA (Interim Standard-95) technology based digital mobile phones, the 
reverse link i.e. the transmitter of the phone, uses OQPSK modulation. In this 
modulation scheme, the signals do not go through zero crossing and exhibit better 
peak to average signal ratio when filtered compared to the QPSK modulation case. 
This is accomplished by offsetting the Q data by one bit period and changing the 
phase by only 90 degrees on each bit transition [10]. Figure 9.6-1 illustrates the 
difference between the QPSK and OQPSK modulation by comparing the I - Q 
constellation and their time domain patterns.
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Figure 9.6-1: I-Q Constellation comparison between QPSK (left side) and OQPSK 
(right side) Signals.
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A simplified block diagram of the experimental set-up for the digitally modulated RF
input signal to the HBT power amplifier is shown in Figure 9.6-2. A digital
modulation signal generator (Model: MG3670B) from Anritsu [11] was used to
generate the required OQPSK signal. The measurement set-up is similar to the CW
experimental set-up with the major difference being the use of a single digital signal
source instead of two CW sources. First, an OQPSK signal was injected to the HBT
power amplifier directly and the fundamental signal power and ACPR measurements
were performed using a Hewlett Packard’s vector signal analyser (HP 8941A) [12].
Then, the experiment was modified for the injection of the second harmonic signal of
the digitally modulated fundamental signal as shown by the coloured portion in the
block diagram. The fundamental signal power and ACPR was measured before and
after injecting the second harmonic of the digitally modulated CDMA signal at carrier
frequency. The digitally modulated input signal was fed into the frequency doubler
to generate the second harmonic of the digital signal.
Figure 9.6-3 shows the ACPR output of the HBT power amplifier before injecting the 
second harmonic to the power amplifier. Figure 9.6-4 shows the HBT Power 
amplifier ACPR output after injecting the second harmonic signal using the frequency 
doubler. Comparisons of Figures 9.6-3 and 9.6-4 show that there is no change in the 
fundamental power at 835.5 MHz (channel bandwidth of 1.23 MHz). But in the 
ACPR measurement for a 30 kHz bandwidth with a ± 900 kHz offset a 6 dB 
improvement can be observed [3]. A 6 dB improvement in ACPR is a significant 
increase in linearity in a digital mobile handset transmitter. This extra margin in 
ACPR allows the power amplifier designer to further improve the power-added 
efficiency of the amplifier by trading with some ACPR margin.
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The CDMA signal quality factor, Rho which is a measure of the power correlated
with the desired transmission code over the total power, was also measured before and
after applying the second harmonic technique. The measurement method is outlined
in technique outlined in [9]. The Rho measurement indicates the overall modulation
performance level of a CDMA transmitter when transmitting a single channel. Since
uncorrelated power appears as interference, poor Rho performance affects the
capacity of the cell [9]. No deterioration in Rho value (= 0.98) was observed by using
this second harmonic injection technique.
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Figure 9.6-2: Simplified Block Diagram of the Experimental Set-up for the Second 
Harmonic Injection Technique using a Digitally Modulated CDMA 
(IS-95) input signal to the HBT Power amplifier.
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Figure 9.6-3: ACPR Performance of the 28 dBm, HBT Power amplifier with an 
OQPSK input signal (before applying the second harmonic injection 
technique).
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Figure 9.6-4: ACPR Performance of the HBT Power amplifier at 28 dBm output 
power with an OQPSK input signal after applying the second harmonic 
injection technique. A 6 dB improvement in ACPR at 900 KHz offset 
is observed.
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Section 9.7: Summary of the Various Measured Results
For the first time, we have successfully applied the second harmonic injection 
technique to a microwave HBT Power Amplifier to improve the third order IMD and 
ACPR performance. A synopsis of these experimental results for a packaged 28 dBm, 
GaAs HBT Power Amplifier designed to operate over the 824 MHz to 849 MHz 
frequency band is presented in Table 9.7-1 below. For all of these different input 
signal cases, the second harmonic signal was generated by feeding the fundamental 
signal sources to a frequency doubler.
Power Output 
(dBm)
Input RF Signals @ 835 MHz 
and 836 MHz
Reduction of the Third 
O rder IMD Products 
(dB)
28 C W 46
15 C W 29
28 F M 36
28 A M 15
Power Output 
(dBm)
Input RF Signals @ 835 MHz Improvement of ACPR 
(dB)
28 O Q P SK  d ig ita l 6
Table 9.7-1: Measured performance of the reduction of the third order IMD 
Products/ACPR for various RF input signals at different output power 
levels of the HBT Power amplifier.
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These measured results have established benchmark performance in the reduction of 
the third order IMD products for HBT Power amplifier. For the first time, in the field 
of RF and Microwave engineering, successful demonstration of this technique has 
been applied to an HBT Power amplifier for CW, FM, AM and digitally modulated 
OQPSK input RF signals.
These results have motivated researcher from around the world to apply this technique 
to GaAs HBT power amplifier. In particular, in a recent publication [13], researchers 
from Fujitsu have applied the second harmonic feedback technique to a GaAs HBT 
power amplifier designed for the next generation Wideband CDMA (W-CDMA) 
mobile handset. Using the QPSK (Quadrature Phase Shift Keyed) digital modulation 
input signal as required by the WCDMA standard, a 7 dB improvement in ACPR was 
observed for a 5 MHz offset at 1.95 GHz at an output power of 27 dBm.
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Section 9.8: Conclusions
The measured results on the performance of a HBT power amplifier reveal that 
generating and injecting the second harmonics of the input signals can reduce the 
level of the third order inter-modulation product. The third order 1M levels at lower 
or higher power level or indeed at the 1 dB compression point can be reduced 
substantially by injecting the second harmonic signals with appropriate phase and 
amplitude into the amplifier. Experimental results measured a 46 dB reduction (down 
to the noise floor) of the third order IMD products in an HBT MMIC power amplifier 
in a two-tone CW input signal case at an output power of 28 dBm. This was achieved 
while there was no change in the power levels of the fundamental signals. The 
technique was also successfully employed when the carriers were FM and AM 
modulated. In the FM input signal case, a 38 dB reduction of the third order IMD 
products was observed. And in the AM input signal case, a 14-15 dB reduction of the 
third order IMD products was obtained. The technique was also successfully applied 
for the first time to an HBT power amplifier using digitally modulated CDMA input 
signals. In this case, an improvement of 6 dB in the Adjacent Channel Power Ratio 
for 30 kHz bandwidth at ± 900 kHz offset was observed. This is considered a 
significant improvement margin for ACPR measurement in digital mobile 
communication.
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Section 10.1: Conclusions
The research work described in this thesis, investigated means whereby the 
performance of RF and Microwave GaAs Heterojunction Bipolar Transistor Power 
amplifiers can be improved. In particular, this research has examined through CAD 
simulation and experimental measurements, the very high efficiency performance of 
HBT microwave power amplifiers operating in Class C mode, for the first time. Also, 
for the first time, a detailed study has been performed to improve the third order inter­
modulation distortion (IMD) performance of a microwave HBT power amplifier using 
the second harmonic injection technique. This study included mathematical analysis, 
computer-aided simulation and measured results from laboratory experiment. As a 
result of this research work the following conclusions are drawn.
Simulated results confirmed the limitations that exist in the practical implementation 
of true Class B or C GaAs MESFET power amplifiers. Simulations also showed that 
Class C operation of GaAs HBT power amplifier is possible and it does not suffer 
from the same drawbacks as in the case of MESFET power amplifiers. Performance
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tradeoffs of HBT power amplifiers biased in Class AB and Class C modes are also 
investigated. In particular, the simulation results showed that GaAs MESFET Power 
amplifiers are not suitable for Class C or B operation at microwave frequencies due to 
significant loss in power gain, excessive leakage current and gate-drain breakdown 
voltage limitation. Unlike its MESFET counterpart, Class C operation of the HBT 
power amplifier does not show the breakdown voltage limitation problem or 
excessive leakage current. The Class C HBT power amplifier shows about 10% more 
PAE and 3 - 4 dB lower power gain than the Class AB biased HBT amplifier for the 
same output power. The Class C biased HBT power amplifier requires more RF input 
drive to turn on the device compared to Class AB. The HBT power amplifier's output 
optimum loads are very close to each other while the input optimum loads are quite 
different from the Class AB and C cases.
The experimental verification of the Class C operation of microwave HBT power 
amplifiers operating at 6 GHz and also over wider ( 6 - 9  GHz) frequency band has 
also been presented. Measured performance results have been demonstrated for two 
different microwave HBT power amplifiers: 0.75-Watt and 0.25-Watt. For both of 
these power amplifiers, RF performance comparisons have been made for Class C 
bias conditions with the traditional high efficiency Class AB bias mode. It has been 
demonstrated for the first time that with Class C operation of the microwave HBT 
power amplifier, very high PAE (84%) can be achieved for a 0.25-Watt and a
0.75-Watt amplifier operating at a frequency of 6 GHz.
It has also been demonstrated for the first time that Class C operation of microwave 
HBT power amplifiers offers a significant improvement in PAE and simplification in
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bias circuitry. However, the associated power gain is approximately 4 to 5 dB lower 
which will limit the highest frequency of operation as compared to Class AB bias 
conditions.
The principle of the second harmonic injection technique for improving the third 
order IMD performance has been described. The mathematical analysis of this 
technique applied to a heterojunction bipolar transistor (HBT) has been performed for 
the first time using the exponential relationship of the collector current and base- 
emitter voltage. The amplitude and phase relationships between the fundamental 
signals and their corresponding second harmonics are derived for the conditions of 
total reduction of the third order IMD products. Mathematical expressions have been 
derived for the ratios of the fundamental signals to their third order IMD products 
before and after applying the technique. Also, a simplified equation has been derived 
for predicting the reduction of the third order IMD products by applying the second 
harmonic injection technique.
Two different software packages were used to evaluate the second harmonic injection 
technique for improving the third order IMD products of a HBT power amplifier and 
a generic non-linear amplifier. Simulation results for a 0.25-Watt HBT power 
amplifier (designed for 10 GHz operation) using "Libra" software package for CW 
input signals revealed 30 dB rejection of the third order IMD products at a 7 dBm 
input power level after injecting the second harmonic signals along with the 
fundamental signals to the amplifier. The simulated performance for the CW, FM and 
AM input signal cases of this technique for a generic non-linear amplifier using the 
"SystemView" software package by Elanix also demonstrated that it is possible to
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substantially reduce the third order IMD products of a non-linear amplifier without 
affecting (constrained by the limitations of the software packages and the non-linear 
model of the amplifier) the fundamental signal levels significantly. This was 
accomplished at a low frequency of 15 Hz to verify the usefulness of the technique in 
a short period of time due to software limitations.
Two different CAD software packages having the non-linearity of an amplifier 
expressed in two different formats helped to ensure verification of the second 
harmonic injection technique for improving the third order IMD performance. It was 
found through simulation that the second harmonic injection technique is not only 
limited to the CW case but it can also be applied to frequency (FM) and amplitude 
(AM) modulated input signals. The FM and AM input signal cases show that a small 
modulation in phase and amplitude does not prevent third order IMD improvement 
using the second harmonic injection technique. It was also seen that the principle of 
the second harmonic injection technique to augment the third order IMD performance 
of a non-linear amplifier is independent of the frequency of operation of the amplifier.
The measured results on the performance of a commercially available HBT power 
amplifier reveal that injection of the second harmonics of the input signals can reduce 
the level of the third order IMD product. The third order IMD levels at lower or 
higher output power level or indeed at the 1 dB gain compression point of the power 
amplifier can be reduced substantially by injecting second harmonic signals with 
appropriate phase and amplitude into the amplifier. Experimental results measured a 
46 dB reduction (down to the noise floor) of the third order IMD products in an HBT 
MMIC power amplifier operating at 28 dBm output power in a two-tone CW input
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signal case. This was achieved without any change in the power levels of the 
fundamental signals. The technique was also successfully employed when the carriers 
were FM and AM modulated. In the FM modulated input signals case, a 36 dB 
reduction in the IMD products was observed while a 14 dB improvement was 
observed in the AM modulated input signal case.
The second harmonic injection technique was also successfully applied for the first 
time to an HBT power amplifier using digitally modulated OQPSK input signals used 
in CDMA technology based handset applications. In this case, a reduction of 6 dB in 
the Adjacent Channel Power Ratio (ACPR) for 30 kHz bandwidth at ± 900 kHz offset 
was observed. A 6 dB improvement in ACPR is considered very good in digital 
mobile communication system.
In conclusion, it is evident that the research objectives, as defined in Chapter 1, have 
been achieved and the research work has made distinct contribution to the current 
knowledge of the subject on microwave HBT power amplifier.
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Section 10.2 Suggestions For Further Work
A number of suggestions for further work can be made based on the results of the 
research described in this thesis. In fact, as explained in Chapter 1, four appendices 
have been provided as a potential aid to such further work.
The research on Class C operation of microwave HBT power amplifier can be further 
extended to include the investigation of the third order IMD and ACPR performance 
for CW and digitally modulated RF input signals respectively. Also, the injection of 
the second harmonic signals and or difference frequency techniques applied to Class 
C biased HBT Power amplifier can be explored.
The research on the microwave HBT power amplifier's linearity performance 
improvement and also be further extended by using the injection of the difference 
frequency technique. This work should include mathematical analysis, computer- 
aided simulation and experimental methods of applying the injection of difference 
frequency technique.
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Appendix -  A
“Libra” Software Circuit Simulation File for the Second 
Harmonic Injection Technique applied to a HBT PA
Libra (TM) Ver. 3.500.106.3 cfg. (800 23035 2 F1468B1 9496 0 0 11FC31DE) 
gpfazl.ckt Thu Nov 16 18:16:28 1995
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
! SIMULATION OF IMPROVEMENTS IN 3RD ORDER PRODUCTS IN HBTSi
! F. Ali Nov. 1, 1995
DIM
IND NH 
CAP PF 
TIME PS 
FREQ GHZ 
CUR mA
VAR
P2PAATT # -100 -1.79 -1 
PHT1 # -180 153 270
P2PBATT # -100 -2.91 -1 
PHT2 # -180 132 270
EQN
F2 = FI + 0.01 1 10 MHz apart signals
P2PA = PWR + P2PAATT 
P2PB = PWR + P2PBATT
CKT
CAP 1 2 C = 1000
CAP 2 0 C = .8
IND 2 3 L== .35
RES RBX 3 4 R=1.2
S2PA Q1 4 5 7 [MODEL=QHBT AREA=1] !8 fingers:2umx20umx8:
CAP CCE 5 7 C=0.14
SRC RCE 5 7 R=2 000 C=1E6
IND_LE 7 0 L=.012
SLC 5 0 L = .7 C = 1000 ! resonate Cout
CAP 5 6 C = 1000
DEF2P 1 6 CE320
MODEL I 8 fingers 2um x 20um
QHBT NPN RB=1.14 BF=23.6 NF=1.00 IKF=8.00 NK=0
RBM=1.14 BR=4.5e-4 NR=1.00 IKR=.400 &
RE=1.44 VAF=950. NE=2.00 IS =3.5E-25 Sc
RC=. 6 VAR=1E6 NC=2.00 IRB=1E6 &
CJE=.64e-12 VJE=1.32 MJE=0.3 ISC=0.0 Sc
CJC=.46E-12 VJC=1.21 MJC=0.5 ISE=8.OE-16 &
TF=5.74E-12 XTF=0 VTF=le6 ITF=0 PTF=0 &
TR=1.8E-2 0 XTB=-.5 XT 1=3 &
EG=1.41 XCJC=0.625
Page A-l
Appendix A “Libra” Software Circuit Simulation File for the Second Harmonic
Injection Technique applied to a HBT PA
Libra (TM) Ver. 3.500.106.3 Cfg. (800 23035 2 F1468B1 9496 0 0 11FC31DE) 
gpfazl.ckt Thu Nov 16 18:16:28 1995
SOURCE
CE32 0 P_GEN1 11 0 R=RES_RGEN PAPWR FAF1
CE32 0 P_GEN2 11 12 R=RES_RGEN P APWR FAF2
CE3 2 0 P_GEN3 12 14 R=RES_RGEN P AP2PA FAF2 ANGAPHT1 H=2
CE3 2 0 P_GEN4 14 15 R=RES_RGEN PAP2PB FAF1 ANGAPHT2 H=2
CE3 2 0 RES_RGEN 15 1 R=50
CE32 0 IND 4 20 L=1000
ce320 cs_ib 0 20 dc=2.00 ! base current steps or
CE3 20 VS_IB 21 0 DC=1.50 ! base voltage steps
CE320 RES_IB 21 20 R=.001
CE3 2 0 VS_VC 31 0 DC = 7
CE3 20 RES_IC 31 30 R=.001
CE32 0 IND 5 30 L=1000
CE3 2 0 RES LOAD 6 0 R=40
DCTR
DCTR1 VS_VC
STEP .001 .025 .05 .1 .15 .2 .25 .3 .35 .4 1 2  4 6 10
DCTR2 VS_IB 
SWEEP .5 4 .5
FREQ
STEP 10 
NH = 3
POWER
! 0 TO 24 dBm
1 STEP -5 0 5 10 12 14 16 18 19 19.5 20 20.5 21 21.5 22 22.5 23
1 STEP -20 -15 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
STEP -10 -8 - 5- 2  0
1 SWEEP -10 15 1
OUT
! CE3 20 I_IC S2PA_Q1.C SCN 
1 CE32 0 I IB S2PA Ql.B SCN
CE3 2 0 IFC_IC RES_IC H1=0 H2=0 SCN
CE320 IFC_IB RES_IB H1=0 H2=0 SCN
CE3 20 I_IC S2PA_Q1.C GR2
CE3 20 PF_POUT 6 0 R=RES_LOAD Hl=l GR1
CE3 2 0 PF_POUT 6 0 R=RES_LOAD H1=0 H2=l GR1
CE32 0 PF_F12F2 6 0 R=RES_LOAD Hl=-1 H2=2 GR1A
CE3 2 0 PF_2F1F2 6 0 R=RES_LOAD Hl=2 H2=-l GR1A
CE3 2 0 PAE_EFF 1 0 R=RES_RGEN 6 0 R=RES_LOAD VS_VC GR4
CE320 ANG[VFC]_INSPHS 6 0 Hl=l GR3
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Libra (TM) Ver. 3.500.106.3 cfg. (800 23035 2 F1468B1 9496 0 
gpfazl.ckt Thu Nov 16 18:16:28 1995
GRID
POWER -5 25 2
POWER -10 20 2
GR1 -30 30 10
GR1A -120 60 10
DCTR1 0 10 .50
GR2 0 100 10
GR4 0 100 10
GR3 •-100 100 10
OPT
CE320 PF_F12F2 6 0 R=RES_LOAD Hl=-1 H2=2 < -100 
CE320 PF 2F1F2 6 0 R=RES LOAD Hl=2 H2=-l < -100
HBCNTL
SAMPLE = 3 
RELTOL = IE-9
0 11FC31DE)
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Appendix -  B 
Large signal model of GaAs HBT
The large signal model of the Westinghouse Electric Corporation’s GaAs HBT is 
shown in Figure B-l. This “Hybrid-Pi” HBT model is an extension of the small 
signal model where additional current sources between the collector-base and 
base-emitter junctions model the collector avalanche and base-emitter diode 
characteristics. Non-linear B-C and B-E capacitors are used. The model parameters 
include forward and reverse current gains, BF and BR. This HBT model evaluates 
self-heating effects of the device and provides correct temperature of operation of the 
device. The default parameters for the Westinghouse GaAs HBT are given in Table 
B -l. These parameters are given for an operating temperature of 25°C.
Cbcx
AVALANCHE
■Wv— O  
COLLECTOR
O -A V v — W V  
BASE
Figure B -l: Large Signal GaAs HBT model.
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Table B-2 and B-3 show that the S-Parameters evaluated from this GaAs HBT large 
signal model at low signal levels are nearly identical to the small signal S-parameters 
using the “Hybrid-Pi” small signal model.
This large signal GaAs HBT model uses the Gummel-Poon parameters in “Libra” but 
has many enhancements as mentioned. The standard Silicon BJT Gummel-Poon 
model [B-l .1] is shown in Figure B-2. For an excellent detailed explanation of the 
Gummel-Poon model for BJT, the reader is referred to the work by Getreu [B-l.2].
vbciCB1
B-
RBB
CBE
Figure B-2: The Gummel-Poon Model of Si BJT
B -l.l I. Getreu, M odeling the B ipolar Transistor, Elsevier, New York, 1978
B -l.2 H.K. Gummel and H.C. Poon, “An Integral Charge Control Model of Bipolar 
Transistors”, Bell Systems Technical Journal, Vol. 49, pp. 827-852, May 
1970.
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Table B-l The Default GaAs HBT Model Parameters
IS Saturation Current A 7.5e-23
BF Ideal Fwd Current Gain 78
BR Ideal Rev. Current Gain 0.045
NF FWD Current Emission Coef. 1.14
NR Rev. Current Emission Coef. 1.00
ISE B-E Leakage Saturation Current A 2.0e-18
ISC B-C Leakage Saturation Current A 0.0
IKF Comer for FWD beta roll-off A 100
IKR Comer for REV beta roll-off A 100
NE B-E Leakage Emission Coef. 1.63
NC B-C Leakage Emission Coef. 2.0
VAF Forward Early Voltage V 1000
TNOM Temperature at which parameters measured Deg.C. 25
RC Collector Resistance OHM 3.8
RE Emitter Resistance OHM 1.15
RB Base Resistance OHM .64
RBM Minimum Base Resistance at High Current OHM .64
IRB Current where Base Res. falls to to RBM/2 OHM 1
TF Ideal FWD Transit Time s 5.7e-12
TR Ideal REV Transit Time s 1.8e-20
TSNK Temperature of Heat Sink, Deg. C 27.
CJE Zero-Bias Emitter Depletion Capacitance F 3.2e-13
VJE B-E Built-in Voltage V 1.45
JE B-E Junction Grading Factor 0.30
JC Zero-Bias B-C Depletion Capacitance F 0.46e-12
VJC B-C Built-in Voltage V .31
MJC B-C Junction Grading Factor 0.1
EG Energy Gap for temp, effect on Is EV 1.42
XTI Saturation current temperature coeff. 1.0
XTB Temperature coeffient for BF -1.0
TAU Time Delay of Collector Current s 1.0e-14
RCE C-E RF Resistance OHM 2000.0
RBX External Base Reisitance OHM 0.01
CBX External B-C Capacitance F 1.0e-16
CCE C-E Capacitance, F ,0, rv_mod 1.0e-16
VCBO Avalanche Breakdown Voltage V 100.0
NAV Avalanche Breakdown Coef. 4.0
CB1 Base capacitance PF .Ole-12
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Table B-2 Small Signal S-Parameters of a test HBT, Vce = 9 V, Vbe = 1.4 V
Frequency
GHz
S[1,1]
Mag
S[l,l]
Ang
deg
S[2,l]
Mag
S[2,l]
Ang
deg
S[2,2]
Mag
S[2,2]
Ang
deg
1.000000000 0.5332 -133.165 17.351 143.3813 0.9042 -66.7928
2.000000000 0.7368 -149-210 12.115 123.5544 0.8418 -105.4009
3.000000000 0.8212 -157.634 8.937 113.3499 0.8130 -126.0061
4.000000000 0.8438 -162.8833 6.9622 107.3679 0.7994 -138.0771
5.000000000 0.8599 -166.1056 5.6772 103.4360 0.7922 -145.8351
6.000000000 0.8690 -168.3249 4.7820 100.6223 0.7881 -151.1906
7.000000000 0.8747 -169.9380 4.1258 98.4792 0.7855 -155.0870
8.000000000 0.8785 -171.1628 3.6258 96.7663 0.7838 -158.0410
9.000000000 0.8811 -172.1218 3.2326 95.3462 0.7827 -160.3502
10.000000000 0.8829 -172.8925 2.9156 94.1334 0.7818 -162.2011
Table B-3 S-Parameters of a test HBT at lower power levels using the large 
signal model, Vce = 9 V, Vbe = 1.4 V
Frequency
GHz
LSS11
Mag
LSS11
Ang
deg
LSS21
Mag
LSS21
Ang
deg
LSS22
Mag
LSS22
Ang
deg
1.000000000 0.5309 -133.0626 17.4043 143.3656 0.9037 -66.7942
2.000000000 0.7377 -149.1206 12.1558 123.5465 0.8414 -105.4156
3.000000000 0.8120 -157.8248 8.9287 113.3445 0.8127 -126.0269
4.000000000 0.8438 -162.8729 6.9620 107.3646 0.7992 -138.0979
5.000000000 0.8599 -166.0945 5.6768 103.4343 0.7921 -145.8545
6.000000000 0.8691 -168.3159 4.7815 100.6212 0.7880 -151.2079
7.000000000 0.8748 -169.9325 4.1256 98.4784 0.7855 -155.1024
8.000000000 0.8785 -171.1582 3.6255 96.7658 0.7838 -158.0561
9.000000000 0.8811 -172.1163 3.2323 95.3465 0.7826 -160.3625
10.000000000 0.8829 -172.8883 2.9153 94.1331 0.7818 -162.2130
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Appendix -  C 
“SystemView” Software Simulation File for the 
Second Harmonic Injection Technique using CW signals
SystemView by ELANIX
SYSTEM SUMMARY
Date: 27-Oct-99
File name: C:\cw_signal.svu
System Time:0 -1 ,333e+1 sec, dT=1.333e-3 sec, Sample Rate=7.5e+2 Hz, Samples=10000, Loops=1
Token Attribute Type Parameters
0 Source Sinusoid Amp = 1 v, Freq = 16 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max) = 750 Hz
1 Source Sinusoid Amp = 1 v, Freq = 15 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max) = 750 Hz
2 Adder
3 Sink Analysis Input from t4 Output PortO, Rate In (max) =750 Hz
4 RF/Analog Amp-Fxd Noise Figure Enabled, Gain = 28 dB, 2nd Order Intercept = 65 dBm, 3rd Order Intercept = 35 dBm, 4th O
rder Intercept = 30 dBm, 1dB Compression Pt = 28 dBm, Noise Figure = 8 dB, Output 0 = Non-lnverted (
0 deg), Output 1 = Inverted (180 deg), Rate Out (max) = 750 Hz
5 Source Sinusoid Amp = 850.e-3 v, Freq = 32 Hz, Phase = -180 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max
) =750 Hz
6 Source Sinusoid Amp = 850.e-3 v, Freq = 30 Hz, Phase = -10 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max)
= 750 Hz
Page C-l
Appendix D “SystemView” Software Simulation File for the Second Harmonic
In jection Technique using FM signals.
Appendix -  D 
“SystemView” Software Simulation File for the 
Second Harmonic Injection Technique using FM signals
SystemView by ELAN IX
SYSTEM SUMMARY
Date: 29-Oct-99
File name: C:\fm_signal.svu
System Time:0 - 1.333e+1 sec, dT=1.333e-3 sec, Sample Rate=7.5e+2 Hz, Samples=10000, Loops=1 
Token Attribute Type Parameters
0 Source Sinusoid Amp = 1 v, Freq = 16 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max) = 750 H:
1 Source Sinusoid Amp = 500.e-3 v, Freq = 2 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max) = 
750 Hz
2 Adder - - - -
3 Sink Analysis Input from t4 Output Port 0, Rate In (max) = 750 Hz
4 RF/Analog Amp-Fxd Noise Figure Enabled, Gain = 28 dB, 2nd Order Intercept = 65 dBm, 3rd Order Intercept = 35 dBm, 4th O 
rder Intercept = 30 dBm, 1dB Compression Pt = 28 dBm, Noise Rgure = 8 dB, Output 0 = Non-lnverted ( 
0 deg), Output 1 = Inverted (180 deg), Rate Out (max) = 750 Hz
5 Source Sinusoid Amp = 500.e-3 v, Freq = 2 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max) = 
750 Hz
6 Source Sinusoid Amp = 500.e-3 v, Freq = 4 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine, Rate Out (max) = 
750 Hz
7 Function FM Amp = 1 v, Freq = 15 Hz, Phase = 0 deg, Mod Gain = 1 Hz/v, Output 0 = Quadrature (Sin), Output 1 = 
In-Phase (Cos), Rate Out (max) = 750 Hz
8 Function FM Amp = 1 v, Freq = 16 Hz, Phase = 0 deg, Mod Gain = 1 Hz/v, Output 0 = Quadrature (Sin), Output 1 = 
In-Phase (Cos), Rate Out (max) = 750 Hz
9 Function FM Amp = 1 v, Freq = 30 Hz, Phase = -45 deg, Mod Gain = 1 Hz/v, Output 0 = Quadrature (Sin), Output 1 
= In-Phase (Cos), Rate Out (max) = 750 Hz
10 Function FM Amp = 900.e-3 v, Freq = 32 Hz, Phase = -180 deg, Mod Gain = 1 Hz/v, Output 0 = Quadrature (Sin), 
Output 1 = In-Phase (Cos), Rate Out (max) = 750 Hz
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Appendix -  E 
“SystemView” Software Simulation File for the 
Second Harmonic Injection Technique using AM signals
SystemView by ELANIX
SYSTEM SUMMARY
Date: 29-Oct-99
File name: C:\am_signal2.svu
System Time:0 - 1.333e+1 sec, dT=1.333e-3 sec, Sample Rate=7.5e+2 Hz, Samples=10000, Loops=1
Parameters
Input from t1 Output Port 0
Token Attribute Iy ee
0 Sink Analysis
1 RF/Analog Amp-Fxd
2 Source Sinusoid
3 Source Sinusoid
4 Comm DSB-AM
5 Comm DSB-AM
6 Comm DSB-AM
7 Comm DSB-AM
8 Source Sinusoid
9 Source Sinusoid
10 RF/Analog PCmbn-4
Noise Figure Enabled, Gain = 28 dB, 2nd Order Intercept = 65 dBm, 3rd Order Intercept = 35 dBm, 4th O
rder Intercept = 30 dBm, 1dB Compression Pt = 28 dBm, Noise Rgure = 8 dB, Output 0 = Non-lnverted (
0 deg), Output 1 = Inverted (180 deg)
Amp = 330.e-3 v, Freq = 6 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine
Amp = 330.e-3 v, Freq = 3 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine
Amp = 1.8 v, Freq = 30 Hz, Phase = 0 deg, Mod Index = 330.e-3
Amp = 2v , Freq = 16 Hz, Phase = 0 deg, Mod Index = 330.e-3
Amp = 2v , Freq = 15 Hz, Phase = 0 deg, Mod Index = 330.e-3
Amp = 2 v, Freq = 32 Hz, Phase = -120 deg, Mod Index = 330.e-3
Amp = 330.e-3 v, Freq = 3 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine
Amp = 330.e-3 v, Freq = 6 Hz, Phase = 0 deg, Output 0 = Sine, Output 1 = Cosine
Noise Figure Enabled, Loss above 6dB = 500.e-3 dB
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Appendix -  F 
Technical Publications Resulting from this Research Work
1. F. Ali, A. Gupta, M. Salib and B. Veasel, “A Study of Class-C Operation GaAs 
Power HBTs,” 1995 IEEE International Microwave Conference Digest, May 
1995, pp. 721-724.
2. F. Ali, B. Hewitt and C. Aitchison, “GaAs Power HBTs with 84% Power-Added 
Efficiency,” 1995 European Microwave Conference, Bologna, Italy, 
September 3-5,1995.
3. F. Ali, M. R. Moazzam and C.S. Aitchison, “IMD Elimination and ACPR 
Improvement of a 800 MHz HBT Power Amplifier,” 1998 IEEE Radio Frequency 
Integrated Circuits Symposium Digest, June 1998, pp. 69-71.
4. C.S. Aitchison, F. Ali, M. Modeste, M. Moazzan, and D. Budimid, “Improvement 
of the Third Order Intermodulation Distortion in RF and Microwave Amplifiers 
by Injection,” IEEE Transactions on Microwave Theory and Techniques, June 
2001, pp. 1148-1154 (accepted for publication).
Page F-l
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Appendix F Technical Publications Resulting from this Research Work
Table 1
A Comparison of Class AB and Class C Performance of a 480p.ni1 HBT 
with 2pm x 20pm Emitters
Frequency
(GHz)
Class of 
Operation
Power Gain 
(dB)
PAE
(%)
Pout
(dBm)
Collector 
Efficiency (%)
6 AB 14.4 68.9 28.6 71.9
6 C 10.1 80.6 28.6 89.6
7 AB 13.8 67.7 28.7 70.6
7 C 8.8 74.5 29.1 85.4
8 AB 12.2 65 28.5 70.9
8 C 8.3 74 28.5 89.3
Table 2
A Comparison of Class AB and Class C Performance of a 160pm1 HBT 
with 2pm x 20pm Emitters
Frequency
(GHz)
Class of 
Operation
Power Gain 
(dB)
PAE
(%)
Pout
(dBm)
Collector 
Efficiency (%)
8 AB 13.7 66 24.4 70.3
8 C 9.2 74.1 * 24.3 83.6
9 AB 13.1 66 24.8 73.1
9 C 8.9 73 24.5 83.9
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